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ABSTRACT

We review the main results obtained from recent Galac-
tic Plane X-ray surveys carried out by XMM-Newton
and Chandra, limiting our discussion to the faint discrete
sources. The wide X-ray band-pass, high sensitivity and
good spectral resolution of these new instrumentations
offer for the first time the opportunity to explore the X-ray
source populations of our own Galaxy in the medium to
low X-ray luminosity regimelix < 10*°erg s'1). Atvery

low latitudes § ~ 0°) the vast majority of the soft (0.5-
2.0 keV) sources are identified with active stars whereas
at galactic latitudes above a few degrees the background
of AGN dominates log N¢S)-log S curves down to a few
10~ %erg cnm? s~! at all energies. The large number
of stellar identifications allows to study with unprece-
dented depth the distribution of young stars up to about 1
kpc. XMM-Newton and Chandra measurements are not
strongly biased by interstellar extinction, as were earlier
studies based on ROSAT observations restricted to the
softer 0.1-2.4 keV band. Current surveys are thus par-
ticularly well suited for the study of the hard X-ray emit-
ting low luminosity population which has mostly escaped
ROSAT scrutiny. Chandra and XMM-Newton observa-
tions indeed reveal the presence of a population of low X-
ray luminosity hard galactic sources exhibiting a marked
concentration in the central parts of the Galaxy. Several
source types such as cataclysmic variables, Be/X-ray bi-
naries, RS CVn’s or low luminosity stages of classical
X-ray binaries predicted by theories of evolution could
contribute to this population. Follow-up optical observa-
tions provide constraints on the nature of these sources
and even positive identifications in a number of cases.

the galactic plane, the most prominent of them being Sco
X-1. A number of other satellites completed the bright
source mapping, such as Ariel V (Warwick et al. 1981)
and HEAO-1 (Wood et al. 1984). These experiments
have lead to the discovery of the first accreting neutron
stars and black holes and opened a rich and exciting new
field of astrophysics. However, the collimator design of
these instruments limited their detection efficiency and
only the brightest X-ray sources with X-ray luminosities
above~ 10%%erg s7! at the distance of the galactic center
could be detected. At present, XTE and INTEGRAL are
continuously detecting new luminous transient galactic
sources and very significantly extend our understanding
of the various kinds of accreting neutron star and black
hole binaries.

From 1978 till 1981, th&insteinsatellite was the first to

fly a relatively large X-ray imaging telescope equipped
with detectors sensitive to the soft X-rays (0.5-4.5 keV).
Einsteindiscovered the high energy emission of many
galactic sources such as cataclysmic variables (CVs)
(Hertz& Grindlay 1984) and revealed the unexpected X-
ray emission from many young stars all along the HR dia-
gram. In the first years of the 90’s, ROSAT conducted the
first all-sky soft (0.1-2.4 keV) X-ray map ever made fol-
lowed by a large number of pointed observations. Among
the many galactic discoveries which can be attributed
to ROSAT are the super soft sources, already suspected
by Einstein and the thermal emission of radio-quiet iso-
lated neutron stars. Although many faint accreting bina-
ries (CVs, Be/X-ray systems) were found in the galactic
plane, the number source count remained dominated by
active stars (Motch et al. 1997). With its hard X-ray (0.7-
10 keV) sensitive imaging instrument, ASCA provided

The numerous sources detected close to the center could ihe first detailed view on the population of faint hard X-

be associated with the nuclear bulge and the nuclear clus-
ter. Their nature remains so far uncertain.
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1. INTRODUCTION

In the early 70’s the Uhuru satellite (Forman et al. 1978)
discovered a concentration of bright X-ray sources along

ray sources in the Galaxy (Sugizaki et al. 2001).

The new generation of imaging X-ray satellites, Chan-
dra and XMM-Newton offer a much improved spatial
resolution and collecting area compared to previous ex-
periments. In the hard X-rays, the sensitivity of XMM-
Newton and Chandra are roughly a factor 10 and 100
better than that of ASCA respectively. A similar situa-
tion is encountered in the soft band where XMM-Newton
and Chandra do better than the deepest ROSAT pointings
by similar factors. Apart from the improved sensitivity,



Chandra also provides the excellent positions required to
identify galactic sources in the crowded fields prevailing
at low latitude. As for XMM-Newton it delivers good
spectra and light curves for many sources.

The excellent hard X-rays capabilities of Chandra and
XMM-Newton offer the unique opportunity to unveil low
luminosity sourcesl(x~ 10%'erg s ') shinning through
large amounts of interstellar material up to the distance of
the galactic center and to explore to much larger distances
the population of soft sources (CVs, active coronae, etc.)
discovered byEinsteinand ROSAT. Galactic plane X-
ray surveys are a vast topic and the present review con-
centrates on the discussion of the properties of the faint
sources, typicallfx (0.5-12 keV)< 10~ 2 ergcnr2 s~1
which make the vast majority of the new sources discov-
ered in Chandra and XMM-Newton observations at low
galactic latitudes. We furthermore restrict our presenta-
tion to the "classical” &< 12 keV X-ray range and to dis-
crete sources. A review on the various components con-
tributing to the diffuse galactic emission in presented by
R. Warwick in this volume.

2. SCIENCE DRIVERS

The study of the nature of the X-ray source population of
our own Galaxy in the medium to low luminosity regime
(Lx~ 10?° - 10% erg s!) brings essential information
on accretion power, star formation and end points of stel-
lar evolution throughout the Galaxy. Their distribution
in the Galaxy and their connection to different galactic
structures such as the disc, the bulge and the central re-
gions yield important information on their evolutionary
status. In addition, the knowledge of the log:Ng)-log S
curves down to faint fluxes is prerequisite to separate
truly diffuse from unresolved emission, a very debated
issue in the framework of the Galactic Ridge (Warwick
2005).

Because of the steep decay of X-ray luminosity with
age, soft X-ray surveys unveil the young (age2 Gyr)
stellar population much more efficiently than at optical
wavelength and allows to study the evolution of the scale
height with age and the mechanism leading to the "heat-
ing” of the disc stars. Number counts and distribution
in distances give access to the recent stellar formation
rate. Clustering structures, such as the Gould Belt en-
hancement revealed by ROSAT (Guillout et al. 1998)
can also be discovered. Current estimates are that our
Galaxy could harbour about 4@ 10" CVs. However,

CV demography is based on local estimates and their
scale height and distribution at large distances in the disc
and bulge of the Galaxy are essentially unknown. This
problem has impact on our knowledge of the actual no-
vae rate and connects with the origin of low-mass X-ray
binaries (LMXBs) and SN1a supernovae.

The binary evolution scenarios leading to the low and
high mass X-ray luminous accreting binaries predict the
existence of a number of low X-ray luminosity stages,

which in most cases have no yet been observed. Before
entering their high mass transfer states, LMXBs should
go through a long lived, close, detached neutron star - red
dwarf phase during which accretion of the stellar wind
onto the neutron star may produce a detectable X-ray lu-
minosity excess above the coronal stellar activity (Bleach
2002). Willems and Kolb (2003) predict that between
10* and 1@ such pre-LMXBs could exist in the Galaxy
among which a large fraction will emit X-ray luminosi-
ties of the order of 18 erg s'*. All Be/X-ray binaries
known so far display direct evidences (pulsations) or in-
direct evidences (X-ray spectrum) of an accreting neutron
star (Negueruela 1998). In high mass binaries, the large
mass transfer which may occur during the evolution of
the primary star can lead to the creation of a white dwarf
(WD) remnant instead of a neutron star in a large number
of cases. Averaging over all spectral types, the number
of Be + WD should be 7 to 10 times that of Be + neu-
tron stars (Raguzova 2001). Although a number of candi-
date systems, the-Cas analogs, exist (Lopes de Oliveira
et al. 2005), the presence of an accreting white dwarf
has not yet been confirmed in any of these candidates.
Neutron stars accreting from the wind of a relatively un-
evolved companion could also account for a large number
of low luminosity sourcesl(x < 10*°erg s™!; Pfahl et al.
2002). Their expected number may be of the order &f 10
and should be dominated by intermediate mass primaries
(M = 3-8 Mg). Although some neutron stars accreting
from the wind of massive supergiant stars are known, no
neutron star has yet been seen accreting from the wind
of a main sequence star. The absence of X-ray detec-
tion of any of these lowLx states could be partly due
to observational biases. It remains however somewhat
puzzling and could cast some doubts on binary evolution
theories or may indicate that the efficiency with which
X-rays are produced considerably drops at low mass ac-
cretion rates. Finally, the detection of thermal emission
from isolated compact neutron stars either cooling, simi-
lar to those discovered by ROSAT or accreting from the
interstellar medium could give valuable information on
the past or recent massive star formation and end points.
The detection of isolated accreting black holes may also
be within the reach of the current instruments provided
the efficiency with which accretion from the interstellar
medium produces X-rays is large enough.

3. ATYPICAL GALACTIC LANDSCAPE

At the level of sensitivity of the Chandra and XMM-
Newton instrumentsix (0.5-12 keV)~ 10~ erg cnt 2

s~ 1) various populations contribute to the source content
of low galactic latitude fields. The total galactic photo-
electric absorption is often large enough to absorb com-
pletely the soft X-rays emission from background AGNs
and many soft sources are relatively nearby active coro-
nae. At higher energies, the galaxy becomes transpar-
ent to X-rays and the dense background of AGNs sources
becomes progressively dominant. The detectability of a
genuine population of hard X-ray galactic sources over
the extragalactic contribution depends considerably on



the galactic direction, total galactic absorption and flux
range.

Chandra and XMM-Newton are currently conducting
several surveys of various regions of the galactic plane.
In this section we focus on the discrete source content of
a typical region of the galaxy, i.e. away from the cen-
tral regions and void of any known structure such as local
absorbing clouds, star clusters or star forming regions.

Probably the most ambitious galactic plane survey car-
ried out by Chandra is the Champlane program (Grindlay
et al. 2005) which aims at surveying about 8 tiegread

over 154 fields distributed over the entire galactic plane.

More than 8000 sources are detected above a sensitivity

of Fx > 51076 erg cnm? s7! in the 0.5 to 2.0 keV
band andFx > 3 107 '® erg cnt2 s~! in the 2 to 10
keV band. Champlane includes a large wide-field optical
and IR imaging program as well as spectroscopy. First
analysis of the source content in 14 fields located in the
anti-center direction (Grindlay et al. 2005) shows that
40% of them have optical counterparts fainter than R =
24.5. The statistics of identification hint at a CV density
of n ~ 1075 pc=3, about one third of that estimated lo-
cally (Schwope et al. 2002).

Table 1. Optical identifications of bright XGPS sources

Class Nbr mean HR
INS candidate 1 -0.82
Late type stars 19 -0.68
Early type stars 4 —-0.68
CVs 3 +0.19
Unidentified 14 +0.61
Be/X-ray 3 +0.85
WR star 1 +1.00

and lowLx population dominance. The observed hard X-
ray log N(>S)-log S is significantly above the expected
extragalactic curve, clearly revealing the presence of a
galactic population of hard X-ray sources in the XGPS
flux regime Fx~ 2 - 100 10 erg cnT? s71; 2-10
keV). Extragalactic sources account for the majority of
sources below 10713 erg cnT2 s7! (2-10 keV) with a
predominant galactic component above this threshold.

As part of its galactic plane survey (see below), the Sur-

Ebisawa et al. (2005) have conducted a somewhat deeper vey Science Center (SSC) of the XMM-Newton satel-

survey concentrated on a small field (0.07 Ydgcated

in a region void of bright sources &t 28.5andb = 0.0°.
Sources detected in the soft (0.5-2.0 keV) and hard (2-10
keV) bands have little overlap. Follow-up near infrared
photometry allows to classify them on the basis of their
X-ray and IR properties. Almost all soft sources have
counterparts with near-infrared (NIR) colours consistent
with those of late type star counterparts and only 22%
of the hard sources have NIR counterparts. Soft sources
with NIR counterparts have stellar-like X-ray spectra,
hard sources with NIR counterparts have CV like X-ray
spectra and hard sources without NIR counterparts have
AGN compatible X-ray spectra. The authors conclude
that there are evidences for a genuine hard X-ray galactic
population, but that the vast majority of the hard sources
are extragalactic and that consequently, the diffuse X-
ray galactic ridge emission detected in this field cannot
be due to the unresolved contribution of discrete galactic
sources.

Hands et al. (2004) report results from the XGPS sur-
vey which consist of- 400 sources detected in relatively
shallow dedicated pointings covering 3 demj ! = 19°-

22 andb = +0.6°. The 2-10 keV sensitivity is- 2 10~ 4

erg cnt2 s7!, roughly 10 times brighter than that of
Chandra. Again, there is little overlap between sources
detected in soft (0.4-2 keV) and hard (2-6 keV) X-rays.
Soft sources are best fitted by 0.25 keV + 1.5 keV thin
thermal spectra (active coronae like) while hard sources
have spectra consistent with a power law= 1.6) with
varying Ng= 0.6 - 4 13?cm~2. Fig 1 shows that the
log N(>S)-log S curves observed by ASCA and Chandra
nicely merge with that derived from the XGPS. An inflec-
tion occurs in the log N¢S)-log S curve aFx~ 10712

erg cnt 2 s~! which reflects the transition between a high

lite undertook the optical identification of the 45 bright-
est XGPS sources in the broad (0.4-6 keV) band. Ta-
ble 1 summarizes the statistics of optical identifications
as function of the mean hardness ratio. Negative HR
values indicate soft spectra. Most soft sources are in-
deed positively associated with active coronae or shocked
wind emission from early type stars. Cataclysmic vari-
ables exhibit significantly medium hard spectra and are
among the sources detected in both soft and hard bands.
Their appearance in the soft band probably reflects the
fact that they were optically bright enough and therefore
close enough to be identified, although one of them was
as faint as V = 23.3. Be/X-ray systems are intrinsically
much brighter in the optical and can thus be identified
at larger distances than CVs with a comparatively higher
interstellar absorption and therefore harder spectrum. It
is worth noting, however, that the identification essen-
tially relies on the presence of a BalmetvHine which

can also be heavily absorbed. Near infrared spectroscopy
in the region of the Paschen series could allow the iden-
tification of several more such massive X-ray binaries.
The extremely hard spectrum of the WR star is probably
partly intrinsic to the source. Unidentified sources have
hardness ratio mostly consistent with those expected from
background AGNSs but could also be consistent with ac-
creting galactic sources. In th& range between 10?2

and 1013 erg cnr? s7! (2-10 keV), among 20 XGPS
sources investigated, 8 have galactic counterparts and 12
are possibly extragalactic with no optical identification
brighter than R- 23. These numbers(40% of galactic
sources) are in good agreement with the log8§-log S
curves shown in Fig. 1.

Thanks to its wide field of view (3dia) and good spa-
tial resolution maintained over the whole field, the XMM-



T T T T T

" ’ \ Extragalactic
. = High L, pop.
8 E S ? - Low L, pop.
Chandra X
o
a2 F 1_97Q 50. lh()° . XGPS J
g 1=28.5°%; b=0 /
’%‘ (Ebisawa et al. 2005) B\
z
[ 2 U _ASCA 7
SNy
W\ N|
- Lx ~10% at \]l
° 10 kpe » A W*
\ \
! : \
by 1 1 . ST i)
J0~"® 107" 107 10712 107" 1071

2-10 keV flux (erg s~' ecm™2)

Figure 1. Combined ASCA, XMM-Newton and Chandra
hard X-ray log N¢&S)-log S curves at= 19-28.5andb
~0°.

Newton telescope optics provide an excellent opportunity
to conduct a large and sensitive X-ray survey. The po-
tential of XMM-Newton surveys was recognised by ESA
in setting up a dedicated XMM-Newton Survey Science
Center to facilitate the exploitation of the XMM-Newton
Serendipitous Sky Survey by providing a public archive
of data products and carrying out a carefully coordinated
follow-up programme to characterise the overall X-ray
source population (Watson et al. 2001). One of the most
demanding mission devoted to the SSC is the "statisti-
cal” identification of all serendipitous EPIC sources. To
achieve this goal, the SSC is conducting optical iden-
tification campaigns on samples ef 1000 sources at
various galactic latitudes and flux limits which will be
later used as "calibration” for the statistical identifica-
tion. Optical identification of the low galactic latitude
sample constitutes the core of the XMM/SSC galactic
plane survey |b| < 20°; Motch et al. 2003; Motch et
al. 2005). The program uses wide field optical and IR
imaging and optical spectroscopy at 2 to 8m class tele-

Table 2. Statistics of optical identifications in the
XMM/SSC galactic plane survey

Fields Nbrof Stars EG  Accre- Unid
sources ting

b~ 0° 233 40% ~1% ~1% 58%

b~ 3-12 125 27% 14% ~1% 58%

star accreting from the wind of an unevolved compan-
ion has been discovered yet. A small number of rela-
tively bright optical objects fall in the 90% confidence
error circle of hard sources (typically 3-4adius). So

far optical observations of these candidates have failed
to detect any spectral signature such as Balmer or He ll
A4686 line emission or radial velocity variations which
could reveal the presence of an accreting compact ob-
ject. A small group of hard and low X-ray luminosity Be
stars is however emerging in XMM-Newton surveys and
is now also recognized in HEAO-A1 and ROSAT surveys
(Lopes de Oliveira et al. 2005). The common character-
istics of these Be stars are: a narrow range of B0.5-1 V-
Ille spectral types, H EW of ~ -30 A, relatively stable
Balmer line profiles, hard X-ray spectra (thin thermal kT
> 8 keV or power law withl" = 1.5-2.0 + possible pres-
ence of a softer component), relatively strong H-like, He-
like and low-ionization Fe-K line emission, stable X-ray
luminosity over years time scales, soft X-ray luminosi-
ties slightly above the mednyx~ 10~7 L, relation for
normal OB stars, hard (0.5-12 keV) X-ray luminosities of
a few 162erg s', hour time scale modulations + rapid

scopes. At present, the SSC has searched for the optical X-ray variability on short time scales (< 10-100's), but

counterparts of more than 400 sources located in 1.8 deg
with Fx > 3107 '° erg cnm? s7! (0.5-2 keV) andFx >
3104 erg cnt? s71 (2-12 keV), in addition to~ 80
sources selected on the basis of their X-ray and optical
properties. The identification statistics (see Tab. 2) reveal
the strong dependency of the source content on galactic
latitude. At the limiting R magnitude of 19-22 reached
for spectroscopic identification, only few accreting bina-
ries can be positively identified. Clearly, deeper optical
and near infrared spectroscopy are needed to identify the
faint CVs at large distances and high-mass X-ray binaries
in the most absorbed directions. At very low galactic lat-

absence of stable periodicity (Motch et al. 2006). These
properties are essentially those of the so far unique and
puzzling X-ray emitting Be stay-Cas. Their X-ray spec-

tra, luminosity and also time behaviour in some cases ap-
pear amazingly similar to those of some dwarf novae cat-
aclysmic variables. This has been long considered as the
main argument for the Be + WD model and has caught
even more attention because of the expected frequency of
such systems predicted by evolutionary scenarios. How-
ever, a number of correlated X-ray, UV and optical be-
haviours can hardly be explained in this model and find
a better interpretation if one assumes that the flaring X-

itudes, background AGNs are in most cases too absorbed ray emission arises close to the surface of the Be star in

to be within the reach of the current optical and near in-
frared instrumentation.

The nature of the accreting binaries, CVs and Be/X-ray
binaries, identified in the XMM/SSC survey is not differ-
ent from what is already known. In particular, no neutron

magnetically confined regions and are partially absorbed
and reprocessed in colder material located in the circum-
stellar disc (Smith et al. 1998). This latter model, is how-

ever, not free of problems and the origin of the hard X-ray

emission of this particular group of Be stars still remains

elusive.
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Figure 2. Variation of the stellar and extragalactic + unidentified logM)-log S curves as a function of galactic latitude.
Data are extracted from the XMM/SSC galactic plane survey.

4. THE X-RAY STELLAR POPULATION

Active stars constitute the bulk of the identification of soft
X-ray sources. At low latitudes, X-ray emitting stars are
dominated by the young population (age750 Myr).
XMM-Newton can detect them up t& 1kpc in a typ-

ical exposure. As mentioned in section 2, the distribution
of the properties of active stars can provide extremely
valuable information on some essential galactic param-
eters such as the variation of the scale height with age
for instance. Comparing various observable quantities
(log N(>S)-log S curves, distributions in distance, spec-
tral types, colours, etc..) with model predictions is the
best suited method to constrain these parameters. The X-
ray stellar population model used in the framework of the
XMM/SSC survey of the galactic plane is that of Guillout

et al. (2005) and Herent et al. (2005) which includes the
latest luminosity functions and a description of the depen-
dency of the X-ray energy distribution on age and spectral
type. These models also allow to take into account the
limiting magnitude of the optical identifications and the
presence of enhanced and uneven absorption on the line
of sight. Model predictions are in excellent agreement
with the observations over six orders of magnitude at high
galactic latitude (Herent et al. 2005). At low galactic lat-
itudes, the agreement between model and observations is
generally good, except in some regions having patholog-
ical distributions of the absorption in distance (Guillout
et al. 2005). This overall agreement suggests that the
galactic structure parameters of young stars assumed in
the model are probably close to their true values.

5. GALACTIC AND EXTRAGALACTIC CON-
TRIBUTIONS

In a typical low galactic field and at a given flux level,
the relative number of galactic and extragalactic sources
depends on the energy band considered and on the lati-
tude, longitude and total galactic absorption on the line of

sight. The source identification records of the XMM/SSC
galactic plane survey can be used to quantify these ef-
fects in the range of fluFx = 3 - 100 10''° erg cnr?

s~! (0.5-2 keV) andFx =3 -50 10 erg cnt2 s!
(2-12 keV) covered by this survey. Fig. 2 shows the evo-
lution of the galactic and extragalactic soft X-ray popu-
lations as the line of sight plunges toward low galactic
latitudes. At|p| = 14° and! = 100°-23C°, the number

of active stars amounts to roughly a quarter of the total
number of soft sources. The logNg)-log S curve made
from the sum of the identified extragalactic sources and
of the unidentified sources (which have too faint coun-
terparts) matches well that expected for the extragalac-
tic component, taking into account the total galactig.N

At b = 3.3 and] = 236°, the number of stars rises sig-
nificantly, reaching on average about half of the total
number of sources. Again, the expected extragalactic
log N(>S)-log S curve fits well the distribution of iden-
tified extragalactic sources plus unidentified sources. Fi-
nally, at|b| ~ 0° andl = 10°-20°, stars account for the
totality of the identifications and the background of AGN
is completely shielded. In general, the identified stel-
lar log N(>S)-log S curves are in good agreement within
the error bars with the predictions of the stellar popula-
tion model. This gives confidence in the source iden-
tification process at the telescope and indicates that no
strong bias for or against a particular population was in-
troduced at this stage. Because of the absorption and of
the higher k/F,, of the young stars which concentrate
in the deep plane (Herent et al. 2005),bat- 0°, it is
necessary to consider the limiting magnitude~R9) at
which it is possible to identify positively an active corona
at the telescope. Taking this bias into account allows to fit
properly the log N{S)-log S curve of the identified stel-
lar component while the stellar model without magnitude
limit represents well the log N{S)-log S curve of the to-

tal source sample. This is a strong indication that most of
the unidentified soft sources are probably optically faint
active coronae. Amazingly, in spite of the drastic change
in composition of the soft source content, the increase
of the number of stellar sources when moving down in



Figure 3. A map showing the location of the main observations carried out by XMM-Newton and Chandra in the region
of the galactic center. The size of the nuclear bulge and cluster are not exactly to scale.

the deep plane is almost counterbalanced by the simul-

(2002) which covers about 0.8n latitude, 2 in longi-

taneous decrease of the number of extragalactic sourcestude approximately centered on Sgt.AAbout 800 new

bright enough to shine through the increasing interstellar
absorption.

In the hard X-rays (2-12 keV), AGN completely dom-
inate source counts db] = 14° and b = 3.3 in the
XMM/SSC galactic plane survey. In thig ~ 0° field ( =
10°-20°), there is a clear excess of hard sources above the
expected extragalactic background, similar to that found
in the XGPS by Hands et al. (2004).

6. THE GALACTIC CENTER REGION

The galactic center region has been the target of all major
X-ray telescopes such agjnstein GRANAT, ROSAT,
BeppoSAX and ASCA. XMM-Newton and Chandra are
now collecting deep observations of this important re-
gion. Fig. 3 shows the XMM-Newton images of the
deepest public observations around the galactic center
(Wijnands et al. 2005). The XMM-Newton pointings
on the center itself are not shown for clarity reasons. The
positions of the large scale Chandra survey conducted by
Wang et al.(2002) and of the extremely deep pointing of
Muno et al. (2003) are also shown. Also sketched on this
figure are the positions of the "nuclear bulge” and of the
"nuclear cluster”. The nuclear bulge, not to be confused
with the galactic bulge, is a flat disc-like structure of ra-
dius ~ 230 pc, scale height 45 pc with a high stellar
density and ongoing stellar formation. Its total massis
1.4 10M, (Launhardt et al. 2002). The nuclear cluster
is a central concentration of stars with aRdistribution.

Chandra has intensively observed the inner parts of the
Galaxy. The first survey published is that of Wang et al.

X-ray sources are detected in this area above a minimum
flux of ~ 10~1* erg cnm2 s~1(2 - 8 keV) corresponding

to a detection limit of 8 18 erg s* at 8 kpc. The He-like

Fe Ka line mainly arises from the discrete sources. The
number and the hard spectra of the discrete sources in-
dicate the presence of numerous accreting white dwarfs,
neutron stars or black holes in that region. Most of the
X-ray flux is in the diffuse component which is appar-
ently following known interstellar structures and may be
related to regions of recent star formation.

Muno et al. (2003) have obtained a very long 590 ksec
Chandra exposure centered on Sgr Ahe 17 by 17 ar-
cminute ACIS-I field corresponds to a 40p@0 pc area

at the distance of the galactic center and therefore essen-
tially covers the nuclear cluster. The survey complete-
ness limit isLx ~ 10%'erg s! at the distance of the
galactic center. A total of 2357 sources were detected,
mostly above 1.5 keV. Their radial distribution drops as
6~! when moving away from Sgr Aand thus follows
the infrared distribution of stars in the nuclear cluster.
The density of faint hard sources is extremely high, be-
ing more than one order of magnitude above the expected
extragalactic background of sources. Their spectra are
very hard with power law photon index below 1.0 and ex-
hibit strong lines from low ionization, He-like and H-like
iron. Some of these sources display variability on day
or month time scales (Muno et al. 2004). Both spectral
and timing properties are compatible with magnetically
accreting white dwarfs and wind accreting neutron stars.
On the other hand, soft sources are uniformly distributed
on the sky as expected from a local stellar population.

XMM-Newton has repeatedly observed the galactic cen-
ter area, focusing on Sgr*Aand on the very faint tran-
sients located within~ 1° of the galactic center (Wij-
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Figure 4. log N&S)-log S curves observed by XMM-Newton in the central regions of the Galaxy.

nands et al. 2005). We have used the series of 'GC'’ fields
shown in Fig. 3 to study the spatial distribution of the
hard sources in the central regions. Fig. 4 (left panel)
displays the log N¢S)-log S curves derived from XMM-
Newton fields GC2, GC3, GC4 and G8 which are clear
of strong diffuse emission. The sources were extracted
from the 1XMM catalogue and are therefore in principle
free of spurious sources if one imposes a maximum like-
lihood larger than 8 and a sum flag greater than 0. The
log N(>S)-log S curve of the XGPS survey, that derived
from the deep Chandra pointingl/at28.5, b~0°and the

log N(>S)-log S curve computed by Muno et al. (2003)
at the center of the deep Sgf fields are also shown for
comparison. At a 2-12 keV flux of 7 10~ erg cn?

s~1, corresponding td.x> 5 10*2erg s 'at 8 kpc, the
source density~ 0.8 away from the galactic center is
about 3 times that observed in the XGPS at20° and

an order of magnitude above the estimated extragalactic
contribution. Since a sizable fraction of the hard XGPS
sources are extragalactic, the density increase of galactic
sources fronjl| = 20° to |{| = 0.8 is even larger. There is
however no clear evidence of variation of the source den-
sity with longitude in these pointings. The direction of
the nuclear bulge is thus very rich in hard X-ray sources

Optical identifications are severely hampered by the
huge interstellar absorption toward the central regions.
The GC2 field/=+0.8, b=+0.07 was selected for the
XMM/SSC galactic plane survey. Unfortunately, the op-
tical wavelength and the medium size (4-m) of the tele-
scope used for this project did not allow to identify any
of the hard sources. A majority of the soft sources were
identified with F-K + Me stars. This picture is consistent
with the idea that all sources detected in this direction
at Fx(0.5-2.0 keV)> 5 10~ '%erg cnr2 s~! are nearby
active coronae. Interestingly, their source densities are
similar to those seen at other galactic longitudes, rein-
forcing the idea that soft sources represent a local pop-
ulation. Clearly, only an infrared instrumentation on a
large telescope can obtain discriminating information on
the nature of the hard sources. Bandyopadhyay et al.
(2005) find K band counterparts fer 75% of a sample

of sources in the nuclear bulge region surveyed by Wang
et al. (2002) Fx> 4 1074 erg cnT? s~1) suggesting

a galactic population. The near-infrared magnitudes and
colours of the candidate objects are consistent with highly
reddened stars. Laycock et al. (2005) have obtained deep
infrared imaging showing that there is no significant ex-
cess of bright counterparts in the nuclear stellar cluster

and its source density is only surpassed by that measured (5' away from Sgr A). They conclude that high mass

at the center of the nuclear cluster by Muno et al. (2003).
Fig. 4 (right panel) also shows the logN§)-log S curve
derived from the two XMM-Newton pointings north and
south of Sgr A, GRO J1744 and GC10, which have a
mean galactic latitude ofb| = 0.33(corresponding to
46 pc at 8 kpc). Afp| = 0.3, the density of galactic
sources is about half of that @ = 0.0 forFx=7 10~

erg cnt 2 s1. If confirmed, this steep density drop with
galactic latitude may indicate that the majority of the hard
sources have an origin in the nuclear bulge which has a
scale height of- 45 pc.

X-ray binaries cannot account for more than 18% of the
identifications.

The nature of the low X-ray luminosity sources encoun-
tered in large number very close to the galactic center
remains weakly constrained. Massive X-ray binaries are
unlikely to be the dominant population and CVs, in par-
ticular the magnetic ones, appear as the best candidate
population, although a large population of wind accret-
ing neutron stars could still be present.



7. CONCLUSIONS

Background AGNSs and active stars account for a majority
of the 0.5-12 keV sources detected in the Galactic Plane
at mid galactic latitudes. AGN dominate source counts
in both soft and hard bands down to relatively low lati-
tudes (b| ~ 3°, depending on galactic longitude). Stel-
lar population models match so far remarkably well the
properties of identified stars. The decrease of the stellar
density with increasing galactic latitude should provide
a sensitive test of the evolution of scale height with age.
At very low galactic latitudes stellar coronae (very young
stars) dominate in the soft X-rays and their spatial den-
sity which mainly depends on relatively local absorption
does not vary much with longitude. A population of hard
galactic sources appears abdvg~ 5 10 !*erg cnr?

s~! (2-10 keV) atl < 3CPandb ~ 0°. Optical follow-up
observations confirm their galactic nature since a sizable
fraction of these hard sources are identified with accret-
ing binaries (Be/X-ray and CVs). Chandra and XMM-
Newton have unveiled a dense population of low X-ray
luminosity hard galactic sources peaking in the central

1° region of the Galaxy. Two components associated with

the nuclear cluster and the nuclear bulge may be present.

The nature of these sources, cataclysmic variable or wind
accreting neutron stars, remains uncertain.
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INVESTIGATING GALAXY EVOLUTION WITH CHANDRA

G. Fabbiano

Harvard-Smithsonian Center for Astrophysics,60 Garden St., Cambridge MA 02138, USA

ABSTRACT

Chandra observations show the importance of
the X-ray band for studying the evolution of
galaxies. Binary X-ray sources are an easily
detectable tracer of the stellar population.
Chandra studies of these populations are giving
us insights into the nature and formation of these
binaries, and provide the basis for diagnostics of
galaxy evolution. With Chandra and XMM-
Newton we can explore relatively poorly known
aspects of the black hole population of the
universe: ultra-luminous X-ray sources, that may
be connected with the ‘missing’ intermediate
mass black holes predicted by hierarchical
galaxy and black hole formation scenarios; and
quiescent supermassive nuclear black holes and
their surroundings, as a way of understanding the
full range of the AGN phenomenon. Finally, the
X-ray band provides the only way to explore hot
plasmas in galaxies; recent observations are
revealing the importance of these plasmas as
vehicles of both chemical enrichment and
energy.

1. INTRODUCTION

This talk would not have been possible without
Chandra. Although  XMM-Newton has
contributed significantly to the study of the
nearest galaxies, the sub-arcsecond resolution of
Chandra is essential for detecting populations of
X-ray sources in galaxies to the Virgo Cluster
and beyond, at the luminosities of the bright
Galactic X-ray binaries.

This resolution is also needed to explore the X-
ray emission of normal galaxies at high redshift,
to obtain sensitive data on the emission and the
surroundings of the silent supermassive black
holes found at the nuclei of most large galactic
bulges, and to study the relatively
uncontaminated emission of hot plasmas in
galaxies.

2. STELLAR EVOLUTION IN X-RAY
BINARIES

It is well known that the Milky Way hosts both
old and young X-ray source populations,
reflecting its general stellar make up. With
Chandra’s sub-arcsecond angular resolution,
combined with CCD photometric capabilities
(Weisskopf et al. 2000), we can now study these
X-ray populations in galaxies of all
morphological types, down to typical limiting
luminosities in the 10° ergs s range. At these
luminosities, the old population X-ray sources
are accreting neutron star or black-hole binaries
with a low-mass stellar companion, the LMXBs
(life-times ~10*? yrs). The young population X-
ray sources, in the same luminosity range, are
dominated by neutron star or black hole binaries
with a massive stellar companion, the HMXBs
(life-times ~ 10%7 yrs; see Verbunt & van den
Heuvel 1995 for a review on the formation and
evolution of X-ray binaries), although a few
young supernova remnants (SNRs) may also be
expected. At lower luminosities, reachable with
Chandra in Local Group galaxies, Galactic
sources include accreting white dwarfs and more
evolved SNRs. With Chandra’s angular and
spectral resolution, populations of point-like
sources are easily detected above a generally
cooler diffuse emission from the hot interstellar
medium (fig. 1). Note that luminous X-ray
sources are relatively sparse by comparison with
the underlying stellar population, and can be
detected individually with the Chandra sub-
arcsecond resolution, with the exception of those
in crowded circum-nuclear regions.

To analyze this wealth of data two principal
approaches have been taken: (1) a photometric
approach, consisting of X-ray color-color
diagrams and color-luminosity diagrams, and (2)
X-ray luminosity functions (XLFs). Whenever
the data allow it, time and spectral variability
studies have also been pursued. Optical and radio
identifications of X-ray sources and association
of their position with different galaxian
components are now being increasingly
undertaken.



Fig. 1 — Chandra image of M83 (red is low
energy and blue high energy), from the Chandra
web page (Soria & Wu 2003)

Given the lack of standard X-ray photometry to
date, different definitions of X-ray colors have
been used in different works; in the absence of
instrument corrections, these colors can only be
used for comparing data obtained with the same
observational set up. Colors, however, have the
advantage of providing a spectral classification
tool when a limited number of photons are
detected from a given source, which is certainly
the case for most X-ray population studies in
galaxies. Also, compared with the traditional
derivation of spectral parameters via model
fitting, color-color diagrams provide a relatively
assumption-free comparison tool. Chandra-
based examples of this approach can be found in
Zezas et al. 2002a, b and Prestwich et al. 2003,
among others. The X-ray color-color diagram of
Prestwich et al. 2003 (fig. 2) illustrates how
colors offer a way to discriminate among
different types of X-ray sources.

XLFs are increasingly used to characterize the
X-ray source populations of different galaxies.
Compared to the Milky Way, external galaxies
provide clean source samples, all at the same
distance. Moreover, the detection of X-ray
source populations in a wide range of different
galaxies allows us to explore global population
differences that may be connected with the age
and or metallicity of the parent stellar
populations (see review of Fabbiano & White
2005 and references therein; Kong et al. 2003;
Belczynski et al. 2004). In general, X-ray

sources associated with young stellar populations
follow a significantly flatter XLF than that of the
X-ray sources in old stellar systems. A good
example is provided by M81, where the XLF of
the spiral arm stellar population is flatter than
that of the inter-arm and bulge regions,
consistent with the prevalence of short-lived
luminous HMXBs in younger stellar populations
(Tennant et al. 2001, fig. 3; Swartz et al. 2002).
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Fig. 2 — Chandra color-color diagram from
Prestwich et al. 2003

The same trend is found comparing the X-ray
populations of actively star-forming galaxies
with those of E and SOs. While the total number
of X-ray sources in star-forming galaxies (the
normalization of the XLF) is driven by the star
formation rate, in E and SO galaxies total stellar
mass appears to be the driving factor, with the
specific frequency of globular clusters as a
second order effect (e.g., Zezas & Fabbiano
2002; Kilgard et al. 2002; Grimm, Gilfanov &
Sunyaev 2003; Gilfanov 2004; Kim & Fabbiano
2004).

The tools that are being developed for
characterizing and understanding the X-ray
source populations of nearby galaxies lay the
foundation of future work in X-ray population
synthesis (see Belczynski et al. 2004). We know
from the co-added statistical detections of high
redshift galaxies in deep Chandra surveys that
there is X-ray evolution with redshift (Lehmer et
al. 2005) in galaxies. The next step will be to use
what we are learning from the nearby universe,
together with the observational constraints



derived from observations of the high z universe,
to put firm observational and theoretical
constraints on the evolution of X-ray binary
populations (e.g. Ghosh & White 2001).
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Fig. 3 — Bulge and disk XLFs of M81 (Tennant
etal 2001).

3. BLACK HOLES AND THEIR
ENVIRONMENT

One of the current hot topics in astrophysics and
cosmology is the formation and evolution of
black holes and their relation to the formation of
galaxies. X-ray observations can help constrain
some of these scenarios. I will discuss here two
topics related to understanding the entire
spectrum of black holes: ultra-luminous X-ray
sources (ULXs), and silent nuclear supermassive
black holes.

3.1 ULXs

The most widely used observational definition of
ULXs is that of sources detected in the X-ray
observing band-pass with luminosities of at least
10* erg s”, implying bolometric luminosities
clearly in excess of this limit. This ULX
luminosity is significantly in excess of the
Eddington limit of a neutron star (~2 x 10% ergs
", suggesting accreting objects with masses of
100 M, or larger. Since these masses exceed
those of stellar black holes in binaries (up to ~30
M,, Belczynski, Sadowski & Rasio 2003),
ULXs could then be a new class of astrophysical
objects, possibly unconnected with the evolution
of the normal stellar population of a galaxy.
ULXs could represent the missing link in the
black hole mass distribution, bridging the gap
between stellar black holes and the super-
massive black holes found in the nuclei of early

type galaxies. These ‘missing’ black holes have
been called intermediate mass black holes
(IMBH), and could be the remnants of
hierarchical merging in the early universe
(Madau & Rees 2001), or could be forming in
the core collapse of young dense stellar clusters
(e.g. Miller & Hamilton 2002).

While ULXs have been known for the last ~20
years, the detection of large samples of these
sources has required the observations of many
galaxies, and in particular active star-forming
systems, where they are copious. Chandra and
XMM-Newton observations have shown that
ULXs tend to be associated with very young
stellar populations (such as that of the Antennae
galaxies, where 14 such sources are found;
Fabbiano et al 2004a). These results have
suggested the alternative view that ULXs could
just represent a particular high-accretion stage of
X-ray binaries, possibly with a stellar black hole
accretor (King et al 2001; see also Grimm,
Gilfanov & Sunyaev  2003; Rappaport,
Podsiadlowski & Pfahl 2005), or even be
powered by relativistic jets in microquasars
(Koerding, Falke & Markoff 2002). Chandra and
XMM-Newton work has confirmed that ULXs
are compact accreting sources (as suggested by
ASCA results, Makishima et al. 2000; Kubota et
al. 2001). Flux-color transitions have been
observed in a number of ULXs, suggesting the
presence of an accretion disk. Some of these
spectra and colors are consistent with or
reminiscent of those of black hole binaries (e.g.,
in the Antennae, Fabbiano et al 2003a, b,
2004a). However, these results do not constrain
uneauivocallv the mass of the compact accretor

Fig. 4 - M82, left, and the Chandra image of the
area in the marked rectangle (right), with the
ULX marked by the arrow; from Fabbiano
(2005b)



My present view (based on the observational
results to date) is that ULXs may be a mixed bag
of sources, perhaps a few are the elusive IMBHs,
but most may be more normal black hole
binaries (see Fabbiano 2005b).

3.2 Silent supermassive black holes

It is now established that supermassive nuclear
black holes are ubiquitous in large E and SO
galaxies and in spiral bulges (e.g. Tremaine et al.
2002). Only a small fraction of these black holes
are luminous AGN, while low-level activity is
more widespread. Some of these nuclei are
‘silent’ (Ho, Filippenko & Sargent 2003). With
Chandra we can now explore the emission
properties of these low-activity and silent
supermassive black holes down to luminosities
typical of X-ray binary emission; we can also set
constraints on the hot fuel available for accretion
and examine the surrounding hot interstellar
medium for evidence of past outbursts of activity
(Fabbiano et al. 2003, 2004b, Jones et al. 2002).
Fig. 5 shows four of these silent nuclei (Soria et
al. 2005). All these early-type galaxies by
selection have measured nuclear masses, and
stringent upper limits on optical line and radio
emission.

1.— ACIS-S irnage of the four extended muclel.

Fig. 5 — Four examples of Chandra images of
silent supermassive black holes (Soria et al. 2005)

The sources we detect with Chandra have
luminosities in the range 10°*-10°° erg s™" and tend
to be associated with extended emission, from
which an estimate of the Bondi accretion
parameters can be derived. In these nuclei (see
also Fabbiano et al. 2004b; Pellegrini 2005),
accretion must be inefficient, but ADAF
accretion, fueled by both the hot ISM and by
stellar out-gassing, can explain the emission.

Cyclic activity and outflow cycles (e.g., Binney &
Tabor 1995; Ciotti & Ostriker 2001) may avoid
accumulating large amounts of material in the
immediate surroundings of the black holes.

Why does a black hole awaken? It is not clear.
Galaxy interaction and merging have been
suggested in the past as triggers of activity, but
there isn’t yet a strong statistical evidence of this
effect. Recent X-ray observations have provided
evidence of nuclear activity in strongly interacting
galaxies, suggesting that at least in some cases
interaction does indeed facilitate nuclear
accretion. NGC6240 is a particularly impressive
example (Komossa et al. 2003). In this late
merger galaxy two X-ray hard nuclei have been
found with Chandra ACIS, and their spectra
show clear Fe K emission lines.

If AGN activity is intermittent, perhaps resulting
from a feedback cycle (e.g., Ciotti & Ostriker
2001), some evidence of past outbursts may be
present in the hot ISM. The spiral-like feature in
NGC4636 could be such a remnant (Jones et al.
2002), and so perhaps could be a faint elongated
structure in NGC821 (Fabbiano et al. 2004b). In
NGC5128 (Cen A), a huge gaseous ring
perpendicular to the jet was discovered with
Chandra. Tts properties are consistent with it
being shock heated gas from a past nuclear
outburst, possibly connected with the recent
merger event in Can A (Karovska et al. 2002; fig.

Fig. 6 — In blue is the X-ray emission of
NGC5128 detected with Chandra. Note the jet
and the ‘hot ring’ surrounding the nucleus (from
Karovska et al. 2002).



4. HOT WINDS AND THE ECOLOGY OF
THE UNIVERSE

Starting with the first Einstein observations (see
Fabbiano 1989) it was clear that hot gas and
galactic winds are present in actively star-
forming galaxies, such as M82 and NC253 in the
nearby universe. Through these winds the star-
forming  galaxies will influence their
environment, increasing its entropy, and also
depositing newly formed elements into the
intergalactic medium. Understanding these
winds is therefore important if we want to fully
understand the ecology of the universe.

With Chandra and XMM-Newton we can now
get a significantly deeper understanding of these
hot gaseous components. I will concentrate here
on a recent example, resulting from the deep
Chandra observations of the Antennae galaxies
(NGC4038/39), the prototypical galaxy merger.
This system was observed with Chandra ACIS
for 411 ks. resulting in a spectacular data set (fig.
7, Fabbiano et al. 2004a). The hot ISM of the
Antennae is discussed in detail by Baldi et al
(20054, b; see also this conference), so I will not
talk about it here. I will instead discuss the still
mysterious large-scale features seen in this hot
ISM, extending well beyond the optical bodies of
the merging galaxies. These giant loops extend
for ~10kpc to the south of the Antennae, and are
embedded in lower surface brightness diffuse
emission, that can be traced out to 20 kpc. The
loop temperature, from the Chandra data, is ~0.3
+/- 0.02 keV,

Fig. 7 — Deep Chandra image of the Antennae
(NGC4038/39), Fabbiano et al. (2004a)

significantly larger that the that of the more
diffuse halo (0.23 +/- 0.02 keV), possibly
suggesting adiabatic cooling and an expanding
halo or wind. We do not know what causes these
loops, nor what their future evolution will be.
Two possibilities are starburst-blown bubbles or
merger-induced shocks. From an energy budget
point of view, there is plenty of supernova
energy deposited in the starburst to cause
superbubbles. Given the parameters of the
merger, the loops could be propagating with a
velocity of 100-1000 km s, to be compared with
a sound speed of ~200 km s. So it is possible
that the loops are due to shock-heated gas, but
good spectral data are missing. The Chandra
ACIS data do not have the necessary signal to
noise ratio to discriminate among different
options. In particular, if the loops are
superbubbles, one would expect a cooler interior
(Castor, McCray & Weaver 1975). If they are
outwardly propagating shocks, the outer rim
should be cooler. A deep XMM-Newton
observation would answer these questions.

The loops could be the result of merger
interactions. With accurate temperature and
density maps one could attempt a comparison
with model simulations (e.g., Barnes 2004). The
Chandra data do not provide enough statistics
for a detailed spectral mapping of these features,
but a deep XMM-Newton observation could.

Deep XMM-Newton data could also address the
physical status of the diffuse halo (in equilibrium
or expanding), and its metal content. Since we
have learned from the deep Chandra observation
that the hot ISM of the Antennae is metal
enriched by SNII events (see Baldi e al. 2005a,
b), it would be important to measure the metal
content of the halo, and compare it with the
metal production in the starburst, because this
would provide prima facie evidence of how the
transport of metals in the intergalactic medium
may occur. Obtaining a spectral map of the halo,
which would be possible with XMM-Newton,
would also address crucial questions for the
physical status and evolution of the halo. In
particular, is the central entropy raised as in
galaxy groups (Lloyd-Davies, Ponman &
Cannon 2000)? Is the profile at large radii steep
and cooler, suggesting winds? We expect that the
Antennae will eventually evolve into an elliptical
galaxy. Since the mass in the halo is comparable
to the amount of diffuse hot gas detected in X-
ray faint E and SO galaxies, and the cooling time



is long (Fabbiano 2004a), this type of deep data
would provide unique constraints on models of
halo development in elliptical galaxies.

Concluding, X-ray observations have discovered
a hot gaseous component in galaxies and are now
beginning to reveal the physical status and
chemical composition of this component. This
hot component needs to be included in any
simulation of galaxy and merging evolution.

5. PROSPECTS FOR INVESTIGATING
GALAXY AND BLACK HOLE
FORMATION

We are now witnessing a revolution in the study
of galaxies in X-rays. We have progressed from
the discovery and characterization phase to using
the X-ray window as an important part of our
understanding of the evolution of galaxies.
Given the connection between HMXB
populations and star formation in galaxies,
illustrated by X-ray population studies of
galaxies with Chandra, deep X-ray observations
give us a means to measure directly the star-
formation rate in the deep universe (e.g., Ranalli,
Comastri & Setti 2003; Grimm, Gilfanov &
Sunyaev 2003). With Chandra’s high-resolution
telescope we can directly study the interaction
and feedback between nuclear black holes and
the host galaxies, an important ingredient in
present day cosmological simulations (e.g.,
Granato et al. 2004; Okamoto et al. 2005).
Moreover, X-ray observations of the hot gaseous
component of galaxies have demonstrated that
gravity is not the only important force in galaxy
formation and evolution. Mergers shock-heat the
ISM/IGM and increase its entropy. SN, active
nuclei, and perhaps dark jets in X-ray sources all
alter the energy budget by heating the ISM, and
producing galactic winds. Stellar evolution
enriches these winds with chemical elements,
and therefore alters the chemistry of the universe
at large. X-ray observations provide a direct
observational window into these phenomena.

Although XMM-Newton has and will contribute
substantially to this progress, the sub-arcsecond
resolution of Chandra has been the true catalyst
of this revolution. It is Chandra’s resolution, and
the resulting sensitivity, that has allowed the
detections of samples of X-ray sources d’wn to
Galactic XRB Iluminosities in galaxies more
distant than the Virgo Cluster; these samples of
X-ray sources have permitted X-ray population
studies, providing a probe of the evolution of X-

ray Dbinaries in a variety of different
environments, and have led to the detection of
extreme sources, such as ULXs, in copious
numbers. It is Chandra’s resolution, and the
associated spectral capabilities, that have
allowed the separation of point like sources and
hot diffuse emission in galaxies, leading to the
discovery of metal enrichment in these gases.
Finally, it is this resolution that has made
possible the study of the faintest reaches of
nuclear activity.

While Chandra is beautiful, it is a small
telescope, and this means that forbiddingly long
exposure times are needed to exploit some of
these results to the full. For example, a dedicated
week of exposure time was needed to obtain the
beautiful data on the Antennae that I have shown
in this talk. Evolution is only inferred by
stacking data on the positions of Hubble deep
image galaxies, because individual high redshift
galaxies cannot be detected with Chandra
(Lehmer et al. 2005). There is, however,
recognition of the potential of X-ray astronomy
for studies of cosmology and galaxy and black
hole evolution. This recognition has resulted in
the Generation-X proposal, approved for study
by NASA, for a very large future X-ray telescope
(~100 square meters mirror), with 0.1 arcsecond
resolution. This telescope will not be deployed
before 2025.

But this is far away in the future. As a
community, we should make sure that this
resolution is not lost once Chandra stops
operating, and that future larger telescopes match
or even surpass it. Unfortunately, there are no
planned missions (either by NASA or by ESA)
that will carry the legacy of Chandra forward in
the near or foreseeable future. I see this as a
serious problem not only for X-ray astronomy,
but also for astronomy as a whole.

This work was partially supported under NASA
contract NAS8-39073 (CXC).

Some material was also covered in a review talk
delivered at the COSPAR Colloquium “Spectra
and Timing of Compact X-ray Binaries”, held in
Mumbai (India), January 17-20, 2005, and in a
review talk delivered at the TAU Symposium 230
“Populations of High Energy Sources in
Galaxies” held in Dublin (Ireland), August 15-
19, 2005.
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AN X-RAY SOURCE POPULATION STUDY OF THE ANDROMEDA GALAXY M 31

W. Pietsch
Max-Planck-Institut fir extraterrestrische Physik, &ienbachstralie, 85741 Garching, Germany

ABSTRACT

Archival XMM-Newton EPIC observations reveal the
population of X-ray sources of the bright Local Group
spiral galaxy M 31, a low-star-formation-rate galaxy like
the Milky Way, down to a 0.2-4.5 keV luminosity of
4.4x10%* erg s 1. With the help of X-ray hardness ratios
and optical and radio information different source classes

galactic nuclei (AGN) in the background of the galaxy.
The success of this survey inspired us for a similar anal-
ysis of all archivalXMM-Newton observations of M 31.

The Andromeda galaxy M 31 is located at a distance sim-
ilar to the one of M 33 (780 kpc, Holland, 1998; Stanek
& Garnavich, 1998, i.e. "Lcorresponds to 3.8 pc and
the flux to luminosity conversion factor is %304 cn?)

and — compared to the near face-on view of M 33 — is

can be distinguished. The survey detected 856 sources in gaen under a higher inclination (8 The optical extent

an area of 1.24 square degrees. Sources within M 31 are of the massive SA(s)b galaxy can be approximated by an
44 supernova remnants (SNR) and candidates, 18 super-incjination-correcteds; ellipse with a large diameter of

soft sources (SSS), 16 X-ray binaries (XRBs) and can-
didates, as well as 37 globular cluster sources (GIC) and
candidates, i.e. most likely low mass XRBs within the
GIC. 567 hard sources may either be XRBs or Crab-like
SNRs in M 31 or background AGN. 22 sources are new
SNR candidates in M 31 based on X-ray selection cri-
teria. Time variability information can be used to im-
prove the source classification. Two GIC sources show
type | X-ray bursts as known from Galactic neutron star
low mass XRBs. Many of the M 31 SSS detected with
XMM-Newton, Chandrand ROSAT, could be identified
with optical novae. Soft X-ray light curves can be deter-
mined in M 31 center observations for several novae at a
time opening a new area of nova research.

Key words: galaxies: individual (M 31), novae, cata-
clysmic variables, supernova remnants, X-rays: galaxies,
X-rays: binaries, X-rays: bursts.

1. INTRODUCTION

In the XMM-Newton survey of the Local Group Sc
galaxy M 33 (Pietsch et al., 2004a, hereafter PMH2004),

153.3’ and axis ratio of 3.09 (de Vaucouleurs et al., 1991;
Tully, 1988). With its moderate Galactic foreground ab-
sorption (Vg= 7x10%° cm~2, Stark et al., 1992), M 31

is well suited to study the X-ray source population and
diffuse emission in a nearby spiral similar to the Milky
Way. M 31 was a target for many previous imaging X-
ray missions. Thé&insteinObservatory detected 108 in-
dividual X-ray sources brighter thark303¢ erg s™* (see
e.g. Trinchieri & Fabbiano, 1991). The sources were
identified with young stellar associations, globular clus-
ters (GCs) and SNRs. THROSATHRI (Primini et al.,
1993) detected 86 sources brighter than® erg s!

in the central area of M 31. THROSATPSPC covered
the entire galaxy twice in surveys conducted one year
apart and detected altogether 560 X-ray sources down to
a limit of ~5x10%% erg s and SSS were established as
a new class of M 31 X-ray sources (Supper et al., 1997,
2001). The flux of many of the sources varied signif-
icantly between theEinsteinand ROSAT observations.
DeepChandraACIS | and HRC observations of the cen-
tral region (covered areas of 0.08 and 0.27 square degree)
resolved 204 and 142 X-ray sources, respectively (Gar-
cia et al., 2000; Kong et al., 2002b; Kaaret, 2002). A
synoptic study of M 31 with th&€handraHRC covered
“most” of the disk (0.9 square degree) in 17 epochs using

408 sources were detected in a 0.8 square degree field short observations, and resulted in mean fluxes and long-

combining the counts of all EPIC instruments, which
could be identified and classified using X-ray colors and
time variability as well as optical and radio information.
This proved to be an efficient way to separate super-soft

term light curves for the 166 objects detected (Williams

et al., 2004). In these observations, several M 31 SNRs
were spatially resolved (Kong et al., 2002a, 2003) and
bright XRBs in globular clusters and SSSs and quasi-soft

X-ray sources (SSSs) and thermal supernova remnants sources (QSSs) could be characterized (Di Stefano et al.,

(SNRs) in M 33 from Galactic stars in the foreground
and “hard” sources. These hard sources may be either X-
ray binaries (XRBs) or Crab-like SNRs in M 33 or active

2002, 2004; Greiner et al., 2004).

One of XMM-Newton's most important contributions to



galaxy science was a deep survey of the central region
around the long axis of M 31 as part of the guaranteed
time program. This survey is unique in that it has the
greatest depth~(103° erg s™!) and best spatial resolu-
tion of any existing large area M 31 survey. It has covered
almost3° (>40 kpc) along the major axis of the galaxy
and 30’ (~7 kpc) along the central portion of the minor
axis. These deexXMM-Newton observations have al-
lowed us for the first time to study the short-term time
variability (~100 s and shorter, see below) and spectra of
bright X-ray sources in a galaxy outside the Milky Way
and the Magellanic Clouds (e.g. Osborne et al., 2001;
Barnard et al., 2003, 2005; Mangano et al., 2004). The
observations revealed diffuse emission from the hot ISM
in the centre and the northern disk (Shirey et al., 2001,
Trudolyubov et al., 2001, 2004), and were used to de-
rive source luminosity distributions (Trudolyubov et al.,
2002).

Here, | summarize results of our group mainly based on
the archival M 31XMM-Newton observations, includ-
ing X-ray images and a source catalogue for the archival
observations of M 31 (Pietsch et al., 2005b, hereafter
PFH2005), the detection of type | X-ray bursts in M 31

(Pietsch & Haberl, 2005, hereafter PH2005) and on the * ¢ ;

detection of optical novae in M 31 as SSSs (Pietsch et al.,
2005a, hereafter PFF2005).

2. XMM-NEWTON SURVEY OF M 31

PFH2005 have created merged medium and thin filter im-
ages for the three EPIC instruments, in five energy bands
(0.2-0.5keV, 0.5-1.0 keV, 1.0-2.0 keV, 2.0-4.5 keV, and
4.5-12 keV), using only times of low background from
the archivalXMM-Newton M 31 observations which at
the time contained four observations of the centre area of
M 31 separated by half a year, two pointings in the south-
ern, three in the northern disk, and one short observation
in the halo, which all at least partly cover the opti€al;
ellipse. In total, the observations in the analysis cover
an area of 1.24 square degrees (see Fig. 1) with a lim-
iting sensitivity of 4.4<10%* erg s™! in the 0.2—4.5 keV
band which is a significant improvement compared to the
Chandrasurveys. However, up to now only about 2/3 of
the optical M 31 extentl),; ellipse) are covered with

a rather inhomogeneous exposure. There were still sig-
nificant offsets between the observations that had to be
corrected for before merging. For the centre observations
these offsets were determined from source lists of the in-
dividual observations using the USNO-B1, 2MASS, and
Chandraatalogues to define an absolute reference frame.
This finally resulted in a residual systematic position er-
ror of less than 0.5”. The source detection procedures
revealed 856 sources using simultaneodsk/ 3 images

(5 energy bands and PN, MOS1 and MOS2 camera). For
the pointings into the disk and halo of M 31 this proce-
dure was applied to the individual observations. The cen-
tre pointings strongly overlap and therefore the images
were merged to reach higher detection sensitivity.

Figure 1. CombinedXMM-Newton EPIC image in the
0.2-4.5keV band smoothed with a 20" FWHM Gaussian.
Orientation and opticalD-5 ellipse are indicated.
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Figure 2. Hardness ratios (HR) detected by XMM-Newton EFIibwn as dots are only sources with HR errors smaller
than 0.2 on bothH Ri and H Ri + 1. Foreground stars and candidate are marked as big and sntats SAGN and
candidates as big and small crosses, SSS candidates aglegaiSNR and candidates as big and small hexagons, GICs
and XRBs and candidates as big and small squares. In addii@enmark positions derived from measut&tM-
NewtonEPIC spectra and models for SSSs (S1 to S4) as filled triangl@amass XRBs (L1 and L2) as filled squares,
SNRs (N132D as N1, 1E 0102.2-7219 as N2, N157B as N3, Crafvaspe1 and C2) as filled hexagons, AGN (Al and

A?2) as asterisk (extracted from Fig. 5 of PFH2005).

Table 1. Summary of identifications and classifications of
XMM-Newton X-ray sources in the M 31 and M 33 fields
(see PFH2005 and PMH2004).

M 31 M 33
Sourcetype ident. class. ident. class.
fg Star 6 20 5 30
AGN 1 36 12
Gal 1 1 1
GalCl 1 1
SSS 18 5
SNR 21 23 21+2 23-2
GIC 27 10
XRB 7 9 2
hard 567 267

Hardness ratios were calculated only for sources for
which at least one of the two band count rates had a sig-
nificance greater tha?v (Fig. 2). In search for identifi-
cations, the X-ray source positions were correlated with
sources in the SIMBAD and NED archives and within
several catalogues. The cataloged X-ray sources are
“identified” or “classified” based on properties in X-rays
(hardness ratios (HR), variability, extent) and of corre-
lated objects in other wavelength regimes. A source is
counted as identified, if at least two criteria secure the
identification. Otherwise, it is only counted as classified.

Table 1 summarizes identifications and classifications

according to theXMM-Newton catalogues of M 31 and

M 33. Forthe SNRs in M 33 two new optical counterparts
for soft X-ray SNR candidates from théMM-Newton

list are indicated (see Ghavamian et al., 2005). Detection
of strong time variability in follow-up analysis will cer-
tainly move many objects from the “hard” to “XRB” clas-
sification. Comparison to earlier X-ray surveys revealed
transients not detected wi¥VIM-Newton, which add to

the number of M 31 XRBs. Up to to now, only low mass
X-ray binaries have been identified in M 31, mostly by
correlations with globular cluster sources. In M 33, how-
ever, besides the ultra-luminous X-ray source close to the
nucleus (X-8, most likely a black hole XRB) the only
other XRB identified is the eclipsing high mass XRB X—
7 with an orbital period of 3.45 d that has been confirmed
by the ellipsoidal heating light curve of its optical com-
panion (Pietsch et al., 2004b).

Many foreground stars, SSSs and SNRs can be classified
or identified. The number of 44 SNRs and candidates
more than doubles the X-ray-detected SNRs. 22 sources
are new SNR candidates in M 31 based on X-ray selec-
tion criteria. Another SNR candidate may be the first
plerion detected outside the Galaxy and the Magellanic
Clouds. Additional SNR candidates can be identified by
comparing cataloged X-ray sources with optical narrow
filter images of the Local Group survey of Massey et al.
(2001). Figure 3 gives two examples for two new optical
SNR candidates proposed by X-ray source position and
a [S ll}/H« ratio of the optical emission characteristic for
optical SNRs.

However, besides a few clearly identified XRBs and
AGN, and SNR candidates from positions in other wave-
lengths, we have no clear hardness ratio criteria to se-
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lect XRBs, Crab-like SNR or AGN. They are all “hard”  Figure 4. Variability of X-ray sources within four over-
sources (567 sources classified as hard in total). Only lapping XMM-Newton observations to the M 31 centre
additional criteria like short or long term X-ray variabil- ~ performed from June 2000 to January 2002.

ity or detailed spectral modeling will reveal their na-

ture. Such methods can be used in the M 31 center area

with four overlapping observations in théVIM-Newton

archive (separated by half a year) and additional observa-

tions of the area taken 2.5 yr later (see Fig. 4 and 5).

3. DETECTION OF TYPE | X-RAY BURST
SOURCESIN M 31

Within the Milky Way, bright globular cluster X-ray M31 burst source [PFHZ005] 253

sources were identified as low mass XRBs. Many of XMM-Newton, EPIC ‘ 02 -~ 7.0 kev
them show type | X-ray bursts identifying them as neu- I PN+MOS11MOS2

tron star systems. PH2005 searched for X-ray bursts in — . pin time: 1008

XMM-Newtonarchival data of M 31 sources whichwere _ _[ ]
identified or classified as globular cluster sources in the [
PFH2005 catalogue (Fig. 5). Two bursts were detected
simultaneously in EPIC pn and MOS detectors and some
more candidates in EPIC pn. The energy distribution

Counts s

0.5
T

of the burst photons and the intrinsic luminosity during [ K
the peak of the bursts indicate that at least the strongest = =- T YT T YN R YT
events were type | radius expansion burst radiating dur- e Plime ) e

ing maximum at the Eddington limit of a 1 neutron

star for hydrogen-poor matter (Fig. 6). Standard type | Figure 6. Combined XMM-Newton EPIC light curve of
bursts would show harder spectra and would not be bright a type | X-ray burst of source [PFH2005] 253 in M31
enough to be detected BMM-NewtonEPIC. The bursts (Fig. 3 from Pietsch & Haberl, 2005).

identify the sources as neutron star low mass XRBs in

M 31. These type | X-ray bursts are the first detected

outside the Milky Way and show that, with the large col-

lecting area oXMM-Newton, X-ray bursts can be used

to classify neutron star low mass XRBs in Local Group

galaxies.



Figure 5. Variability of X-ray sources between combin@dM-NewtonM 31 center observations of June 2000 to January
2002 (left, globular cluster sources and candidates markadst sources numbered) and observations 2.5 yr latehtyig
New transients are marked. However, many bright sources feft image are missing.

4. OPTICAL NOVAE ASMAJOR CLASS OF SSS
INM 31

PFF2005 searched for X-ray counterparts to optical no-
vae detected in M 31 and M 33. They combined an M 31
optical nova catalogue from the WeCAPP survey with op-
tical novae reported in the literature and correlated them
with the most recent X-ray catalogues froROSAT,
XMM-NewtonandChandraand — in addition — searched
for nova correlations in archival data. They report 21 X-
ray counterparts for novae in M 31 (mostly SSS). Their
sample more than triples the number of known optical
novae with super-soft phase. Most of the counterparts
are covered in several observations which allows to con-
strain X-ray light curves of optical novae (see Fig. 7).
Selected brighter sources were classified by tXéi#\VI-
NewtonEPIC spectra. Six counterparts are only detected
in ChandraHRC | (3) or ROSAT HRI (3) observations,
i.e. X-ray detectors with no energy resolution, and there-
fore can not be classified as super-soft. From the well-
determined start time of the SSS state in two novae one
can estimate the hydrogen mass ejected in the outburst
to ~ 10~5M and~ 10~M, respectively. The super-
soft X-ray phase of at least 15% of the novae starts within
a year. At least one of the novae shows a SSS state last-
ing 6.1 years after the optical outburst. Six of the SSSs
turned on between 3 and 9 years after the optical discov-
ery of the outburst and may be interpreted as recurrent
novae. If confirmed, the detection of a delayed SSS phase
turn-on may be used as a new method to classify novae
as recurrent. At the moment, the new method yields a
ratio of recurrent novae to classical novae of 0.3. Ongo-
ing optical and X-ray monitoring of the central region of
M 31, where most of the novae are detected, should allow
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Figure 7. Light curves for M 31 and M 33 novae that were

detected within 1000 d after outburst. Detections of indi-

vidual novae are connected by solid lines, and connec-
tions to upper limits are marked by dashed lines (Fig. 3
from Pietsch et al., 2005a).

us to determine the length of the plateau phase of several
novae and, together with the nova temperature develop-
ment, give a handle on the masses of the white dwarfs
involved.

5. CONCLUSIONS

The sensitivity of XMM-Newton and Chandraobser-
vations of M 31 combined with the wealth of multi-
wavelength data for the galaxy allows a detailed study



of the point source population. Many more interest-
ing results can be expected from further monitoring of
M 31 with XMM-Newton and Chandraspecifically also

in the energy band below 0.5 keV. The first light curves
of the SSS state of optical novae proved that these kind
of studies can be more efficiently achieved by observing
many candidates at the same time in one field in M 31
than by monitoring individual novae in the Milky Way
or the Magellanic Clouds. The results of tBéandrand
XMM-Newton observations of M 31 demonstrate the im-
portance of arcsec spatial resolution, broad energy cover-
age, good energy resolution, and high collecting power —
used together with deep images and catalogues at other
wavelengths — also for future X-ray source population
studies in nearby galaxies.
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ABSTRACT

The nature of the progenitor stars of supernovae of type
la, the "standard candles” on which much of what we
know on the dynamics and geometry of the Universe is
based, is still a matter of debate. Close binary super-
soft X-ray sources (CBSS) are among likely progenitors:
they are often observed, yet are still elusive for many ob-
servational and technical difficulties involved. Our own
galactic backyard, the Local Group, is ideal to study these
stars, because of to the low column density of neutral
hydrogen (N(H)). | compare XMM-Newton observations
of the sample of these sources in known in the Local
Group galaxies. Because of the peculiar spectrum of
these sources, it turns out that the first, basic parameter
that determines what type of population we detect, is the
intrinsic absorption inside the galaxy or a given region
of it. This poses a large bias in comparing these popula-
tions. For instance supersoft X-ray sources found in the
SMC, observed with very low N(H), have a surprisingly
constant or almost constant X-ray flux. However, appar-
ent variability in regions of much higher N(H), like some
peripheral areas of M31, may be due to poor statistics or
to only very small fluctuations in X-ray flux. Neverthe-
less, there are "hints” of some intrinsic differences in the
populations. Some of the LMC sources seem to be be in-
trinsically very variable, more than sources observed in
M31 and the SMC. | discuss the possibility that the sym-
biotics among CBSS, and SSS that seem to exceed Ed-
dington luminosity and be regulated by a wind, may be
important as type la supernova progenitors.

Key words:  binaries:  close-novae, cataclysmic
variables—galaxies: stellar content— galaxies: individual,
LMC, SMC,M31- X-rays: galaxies.

1. INTRODUCTION

Supersoft X-ray sources (SSS) are defined phenomeno-
logically as X-ray sources that have virtually no counts
above 1 keV. Their spectra can be approximately fitted
with a blackbody at temperature in the range 20-100 eV,

and they are intrinsically extremely luminous (1036—3%
erg s—! but very absorbed. These sources are detected at
large distances, but only if the equivalent column density
of neutral hydrogen, N(H), is low. The Local Group is
ideal to discover and study SSS, which as a matter of fact
were first discovered in the Magellanic Clouds.

SSS are a non-homogeneous class, but they are mostly
thought to include very hot white dwarfs, of which many
are undergoing thermonuclear burning of hydrogen in an
accreted shell in a close binary. Close binary supersoft
sources (CBSS) are extremely interesting as type la su-
pernovae progenitors. More than a quarter of the CBSS
are classical novae. However, no recurrent novae (RN)
so far were observed as SSS for a significant amount of
time. This is interesting because RN may be very relevant
as SNe la progenitors, but only if they are observed as
bright, hydrogen burning sources after the outburst, be-
cause this means they retain accreted material and the
WD can grow towards the Chandrasekhar mass. CBSS
can be wind/nebular sources (e,g. Cal 87, Greiner et al.
2004 and Orio et al. 2004, usually in low end of luminos-
ity distribution), but often we may be seeing a hot WD
atmosphere (e.g. Cal 83, on the high end of luminosity
distribution). Although we now know a statistically sig-
nificant number of SSS, it turns out that caution is neces-
sary in order to derive statistics. Single white dwarfs like
PG 1059 stars and planetary nebulae nuclei may appear
as SSS, and in addition also supernova remnants (SNR),
neutron stars in the foreground and not, background AGN
may be all be picked up in the phenomenological clas-
sification. We would gain very important astrophysical
information if we could sort them out in a statistically
significant way.

Recently, Di Stefano and Kong (2003, 2004) and Di Ste-
fano et al. (2004) have studied SSS in external galaxies,
even outside the Local Group, using Chandra’s ACIS-
S detector. ACIS-S offers has the necessary spatial
resolution to resolve sources even in the 2 innermost
arcminutes? in the inner core off M31, inaccessible to
EPIC because of source confusion), and it sensitive to
softest X-ray range. However, the above authors had to
propose an “ACIS-S-suitable” definition of SSS. Di Ste-
fano & Kong (2003) studied therefore an algorithm based
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Figure 1. The spectrum of a SNR in M31, RX
J004344.1+411219.

on broad bands, especially with a very broad “soft” S
band 0.2-1 keV. The reason for this choice is that ACIS-S
is not very sensitive in the S band, unlike Chandra HRC
(which however cannot be used because it does not of-
fer spectral resolution) or the XMM-Newton EPIC de-
tectors (which lack sufficiently good spatial resolution).
Searching faint sources, in external galaxies, the band
has to be broad enough to collect photons and not miss
sources. Previous definitions adopted in ROSAT investi-
gations (e.g. Supper et al. 1997, 2002) included more
CBSS. The new definition has the disadvantage of se-
lecting more different types of sources, like foreground
neutron stars and especially SNR, and less CBSS, mak-
ing SSS an even less homogeneous class. The spectrum
shown in Fig.1 is not the softest SNR in M31, yet most
of the flux is below 1 keV. It is obvious that soft SNR
of this type may be classified as SSS, although proba-
bly only the youngest SNR of M31, the remnant associ-
ated with S And, would remain a CBSS in the Supper et
al. 91997) definition. Another problem of the Chandra-
suitable algorithm is the difficulty to adapt it to XMM-
Newton EPIC pn and MOS, which do not have a sensi-
tive M band (1.1-2 keV). For the EPIC instruments the
ratio of number of photons collected in the S and M band
is disproportionately high. However, this may have been
the price to pay to compare SSS in the Local Group and
in galaxies outside it.

2. A COMPARISON BETWEEN THE LOCAL
GROUP GALAXIES

The only way to attempt a statistical study and obtain at
least a preliminary census is to examine the spectrum in
detail, when possible, and to limit the study to the Local
Group, especially using XMM-Newton EPIC, which is
extremely sensitive in the band 0.2-0.5 keV. Up to now,
extrapolating from the ROSAT surveys and from partial
coverage of M31 with XMM-Newton and ACIS-S, we
know that about 40 SSS are observed in M31 at a given
time, of which 25-30% are novae within 10 years from

outburst (Orio 2005). 7 SSS were observed in the LMC
(see Greiner 2000). The LMC sources are a hova, a wind
source (Cal 87, which incidentally seems to be the only
only non variable one, except for X-ray flux modulation
with the orbital period: see Orio et al. 2004), a recurrent
source, two transient ones, and another variable one.

The catalog of Kahabka et al. (1999) of the SMC in-
cludes 9 SSS, of which at least 7 are confirmed as SMC
sources. The SMC however has only 1/5th the luminous
mass of the LMC and one 80th the one of M31. A thor-
ough search in the archives reveals that 6 SMC sources
are persistent SSS, including two planetary nebulae, two
symbiotics, and a not yet identified object known to be
a constant and strong U source. Finally, 5 SSS were ob-
served in M33 (one of them was also nova , see Pietsch
et al. 2005); and one source was observed in the dwarf
spheroidal Draco galaxy (a symbiotic, see Mirset et al.
1997).

The comparison shows that there are probably more tran-
sient/ highly variable sources in the LMC. We find many
low temperature, softer sources in the SMC. This how-
ever may be just an effect of low N(H) and smaller pop-
ulation. The value of N(H) plays a very important role in
SSS discovery and detection. Are these softer sources
systematically missed in other galaxies? If this is the
case, rather than being an effect of the low metallicity,
statistical comparisons may be heavily biased. A possi-
ble solution would be to compare a number of regions of
low and comparable N(H) in both the LMC, SMC and
M31.

3. MASSACCRETIONREGULATED BY AWIND

Two variable SSS in M31 are extremely interesting. They
are called r2-12 and r3-8 in the Chandra catalogs, and
reach a luminosity of a few times 103° erg s=!. Such
high luminosity seems to be also a characteristic of SSS
detected outside the Local Group. One can only spec-
ulate that there may be a mechanism at work which is
the same as in Ultraluminous X-ray Sources (ULX). The
spectrum of the less variable of these two sources, r2-
12, is shown in Fig.2. The core of M31 was observed
four times with XMM-Newton: it seems that when these
two sources reach high luminosity, the spectrum becomes
harder, and even has a power-law component for r2-12.
Although there is no identification of these sources at op-
tical wavelength, this phenomenon can be understood in
the framework of a CBSS: probably a wind that starts
when the luminosity is above Eddington (e.g. ) and im-
plies that ri2 is very high, of order 10~7 M, year—!. With
such a high transfer rate, it would be crucial to study the
optical spectrum of such sources and find out whether
they are loosing a significant amount of mass in a wind.
If this is not the case, they may reach the Chandrasekhar
mass and become type la SNe.
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Figure 2. The spectrum of the super-luminous SSS r2-12
in M31: it is fitted with a blackbody at temperature ~60
eV and a power law component.

4. THE ROLE OF NOVAE AND SYMBIOTIC
STARS

Interestingly, three SSS in the Local Group were iden-
tified with symbiotics, but only in two very metal poor
galaxies: the SMC and Draco (Mirset et al. 1997). The
three symbiotics do not have any recorded nova outbursts.
They have all been luminous in supersoft X-rays for sev-
eral years, the two in the SMC for more than 10 years
(Orioetal. 2005b). There is a possibility that they may be
just accreting “quietly” at too high a rate to undergo nova
eruptions with mass loss. Could they eventually reach
the Chandrasekhar mass and become SNe 1a? The hope
is that in the future we will be able to determine the WD
mass in these systems, using large telescopes.

Only about 10-30% of post-outburst novae remain SSS
for more than a couple of months and for up to 10 years
(Orio et al. 2002, Orio 2005), even if novae make up a
significant fraction of SSS in M31 (Orio 2005, Pietsch et
al. 2005). Only one nova was observed among 10 novae
observed within 10 years from the outburst with ROSAT
in the LMC (Orio & Greiner 1998, Orio et al. 2002).
The fraction among SSS in M31 seems to be higher, al-
though probably only close to 30%. This is unlikely to be
a metallicity effect, since the SSS phase should be shorter
with higher metallicity (Sala & Hernanz 2005).

As Fig. 3 shows, the spectrum of classical novae is really
extremely soft, and although the ejecta also emit X-ray
flux, the supersoft spectrum is due to the hot WD.

5. SUPERSOFT X-RAY SOURCESIN THE XMM-
NEWTON OBSERVATIONS OF M31

Fig. 4 shows the innermost 6x6 arcmin of the M31 core,
observed with EPIC-pn and with Chandra ACIS-S. It ap-
pears immediately that the sources at the center cannot
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Figure 3. The very soft spectrum of nova 1992-1 in M31.
This spectrum, approximately fit with a blackbody at 55
eV, is typical for a SSS nova a few years after the outburst.

be resolved. If we look closely, we realize however that
source confusion is a problem only in the innermost 2x2
arcmin (see close up in Fig. 5). Using the criteria of Di
Stefano et al. (2004), 21 sources are selected as SSS in
the XMM-Newton observations, which cover about a 4th
of the area of the galaxy, by far the most crowded part
(Orio 2005): the core and most of the regions along the
axis. 5 of them are SNR, of which 4, however, would
not be selected as SSS with ROSAT-like criteria, the very
young remnant associated with S And being probably
the exception. 5 of the M31 SSS observed with XMM-
Newton are classical novae that exploded in 1992, 1995
(2), 1996 and 2000. As mentioned above, only ~10%
of novae of the last 25 years are SSS, and none after 10
years. We do not have information on symbiotic stars
of M31. Of the other sources, only two were real tran-
sient, and the above mentioned r3-8 is seen to vary in
flux by more than one order of magnitude on time scales
of months. Most other sources disappear from the X-ray
window only of they are faint and in areas of high N(H),
so large variations are not necessary to explain that they
are not repeatedly observed. As a matter of fact, most of
the ROSAT SSS that are no longer visible in the new M31
observations done with Chandra and XMM-Newton, are
quite faint and/or in regions of high N(H).

6. CONCLUSIONS

Although XMM-Newton and Chandra observations so far
have not significantly increased the population of SSS
and identify new CBSS in the Magellanic Clouds, signif-
icant new statistics of SSS have been obtained for M31.
A large enough number of sources are known by now,
that statistical comparisons are beginning to be possible.
We can definitely say that softer, persistent sources have
been detected in the SMC, as opposed to harder, more
variable sources in other galaxies and especially in the
LMC. Classical novae are a significant fraction of the



Figure 4. The central 6 arcmin of the core of M31
imagined with XMM-Newton EPIC-pn and with Chan-
dra ACIS-S. The junctions between CCDs and the rows
of picsels flagged as ““bad” are black and the images are
not smoothed or elaborated in any way.

CBSS population, but they are not necessarily interest-
ing as type la SN progenitors. On the other hand, a few
symbiotics and very luminous “wind-regulated sources”
are observed the Local Group galaxies. These two last
classes may indeed be relevant as type la supernova pro-
genitors, if it can be proved that no significant mass loss
occurs.
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ABSTRACT

Chandra observations have allowed the detection of a
large number of low mass X-ray binaries (LMXBs) in
early-type galaxies. Comparisons to catalogs of globu-
lar clusters (GCs) from Hubble Space Telescope obser-
vations have shown that a high fraction of the LMXBs in
early-type galaxies are associated with GCs. The fraction
of LMXBs associated with globular clusters increases
along the Hubble sequence from spiral bulges to SOs to
Es to cDs. On the other hand, the fraction of globu-
lar clusters which contain X-ray sources appears to be
roughly constant (~4% for Lx 2103® ergs/s, ~10% for
Lx 2103 ergs/s). There is a strong tendency for the X-
ray sources to be associated with the optically more lu-
minous GCs. There is a trend for the X-ray sources to
be found preferentially in redder, more metal-rich GCs,
which is independent of optical luminosity correlation.
The relative role of formation of LMXBs in GCs and in
situ formation in the field is uncertain. One of the best
ways to study this is to compare the spatial distribution
of GC-LMXBs, field LMXBs, GCs, and optical light in
the galaxies. Theoretical models and results of fits to the
observed distributions are presented. Our multiple obser-
vations of NGC 4365 and NGC 4697 over several years
allow us to study the variability of LMXBs. We have
detected very luminous X-ray flares from three sources
in NGC 4697 with durations of ~70 to ~3000 seconds,
which have no clear analogue in our Galaxy. One sugges-
tion is that these are due to micro-blazars; X-ray binaries
with accreting black holes with jets which are pointed in
our direction.

Key words: early-type galaxies; globular clusters; X-ray
binaries .

1. INTRODUCTION

Chandra observations have resolved most of the X-ray
emission in X-ray-faint early-type galaxies into individ-

ual point-like sources (e.g., Sarazin, Irwin, & Bregman,
2000). Given their properties and the stellar populations
in these galaxies, these X-ray sources are assumed to be
Low Mass X-ray Binaries (LMXBs). A significant frac-
tion (~20-70%) of the LMXBs are associated with glob-
ular clusters in the host galaxies (Sarazin et al., 2001;
Angelini et al., 2001). The fraction of LMXBs located
in GCs is much higher than the fraction of optical light,
which indicates that stars in GCs are much more likely
(by a factor of ~500) to be donor stars in X-ray bina-
ries than field stars. As has been known for a number of
years, a similar result applies to our own Galaxy and to
the bulge of M31 (e.g., Hertz & Grindlay, 1983). This is
generally believed to result from stellar dynamical inter-
actions in globular clusters, which can produce compact
binary systems.

X-ray observations with ASCA indicated that the total lu-
minosity of LMXBs in early-type galaxies correlated bet-
ter with the number of GCs than with the optical lumi-
nosity of the galaxy (White et al., 2002). This is some-
what surprising, as a nontrivial fraction (~ 50%) of the
LMXBs in most of the early-type galaxies observed so
far with Chandra are not identified with GCs. This sug-
gests that most (perhaps all?) of the LMXBs in early-
type galaxies were made in GCs (Grindlay, 1984; Sarazin
et al., 2001; White et al., 2002). The field LMXBs might
have been ejected from globular clusters individually by
stellar dynamical processes (or possibly by supernova
kicks), or emerged when globular clusters were destroyed
by tidal effects. Alternatively, the field LMXBs may have
been made in situ from primordial binaries.

2. STATISTICS OF LMXBS AND GC POPULA-
TIONS

The fraction of LMXBs in a galaxy which are associ-
ated with GCs increases along a Hubble sequence from
spiral bulges (~10%) to SOs (~20%) to giant ellipticals
(~50%) to cD galaxies (~70%) (Sarazin et al., 2003).
There is a well-established trend for the specific fre-
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Figure 1. (a) Histograms of the number of globular clusters versus their absolute magnitude M in a sample of galaxies
with Chandra data (Sarazin et al., 2003). The upper histogram is for all of the GCs in the galaxies. The lower shaded
histogram shows the GCs which contain identified LMXBs. (b) Cumulative distribution functions for the probability that
a GC contains an X-ray source ( “X-ray”) and for the optical luminosity of GCs (“Opt. Lum.”).

quency of GCs in galaxies (S, the number of GCs per
optical luminosity) to increase along the same Hubble se-
quence (e.g., Harris, 1991). The detailed correlation of
the fraction of LMXBs in GCs with Sy is more con-
sistent with most of the field LMXBs being made in
situ in the field (Juett 2005; see also Maccarone et al.
2003; Sarazin et al. 2003). On the other hand, Irwin
(2005) argued recently that a significant portion of the
field LMXBs in SO galaxies may have come from dis-
rupted GCs.

The fraction of globular clusters which contain X-ray
sources appears to be roughly constant from galaxy to
galaxy. For samples of LMXBs with a high limiting
X-ray luminosity, L x >103® ergs/s, the fraction is ~4%
(Kundu et al., 2002; Sarazin et al., 2003). For NGC 4697,
a nearby elliptical with deep X-ray and GC observations,
the fraction reaches ~10% for L x 103" ergs/s (Sivakoff
et al., 2006).

3. PROPERTIES OF GCS CONTAINING LMXBS

Figure 1(a) shows histograms of the absolute I mag-
nitude, M7, of the total GC sample (upper histogram)
and of the GCs containing LMXBs (shaded histogram).
The LMXBs seem to be associated preferentially with
the more optically luminous GCs (Angelini et al., 2001;
Kundu et al., 2002; Sarazin et al., 2003). For example, the
median value of M for non-X-ray GCs is —8.7, while
the corresponding value for the X-ray GCs is —10.2. Us-
ing the Wilcoxon or equivalent Mann-Whitney rank-sum
tests, the distribution of X-ray and non-X-ray GC lumi-
nosities are found to disagree at more than the 60 level.

Of course, a correlation between optical luminosity and
the probability of having an X-ray source is not unex-
pected. LMXBs contain normal stars, and globular clus-
ters which have higher luminosities have more stars as
potential donors in LMXBs. Thus, it is interesting to

test the hypothesis that the probability that a GC contains
a LMXB is proportional to its optical luminosity. Fig-
ure 1(b) compares the cumulative probability distribution
of LMXBs versus the cumulative distribution of the op-
tical luminosity in GCs. The two cumulative distribution
functions track one another fairly well. For example, half
of the optical luminosity comes from GCs brighter than
M; = —10.1, while the medium absolute magnitude of
GCs with LMXBs is —10.2. The KS two-sample test was
used to compare the two distributions; they are not signif-
icantly different. Thus, the current data indicate that opti-
cally bright GCs are much more likely to contain LMXBs
than faint GCs, but the distribution is consistent with a
constant probability per unit optical luminosity (Kundu
et al., 2002; Sarazin et al., 2003). Recently, Jordan et al.
(2004) found a correlation between the density of stars
in M87 GCs and the occurrence of LMXBs. This would
be consistent with the formation of LMXBs by dynami-
cal collision processes in GCs, although the detailed form
of the correlation found by Jordéan et al. (2004) was also
nearly equivalent to a simple dependence on the number
of stars.

Figure 2 shows histograms of the V' — I colors for the
total GC sample (upper histogram) and for the GCs con-
taining LMXBs (shaded histogram). Because the sample
contains a number of different galaxies, the overall color
distribution may be less obviously bimodal than that seen
in some individual galaxies. The LMXBs appear to be
associated preferentially with the redder GCs (larger val-
ues of V' — I) (Angelini et al., 2001; Kundu et al., 2002;
Sarazin et al., 2003). The median color of the non-X-
ray GCs is V' — I = 1.07, while the corresponding me-
dian for the X-ray GCs is 1.14. Using the Wilcoxon or
Mann-Whitney rank-sum tests or the KS test, the proba-
bilities that the two color distributions where drawn from
the same distribution are <0.2%. Roughly, red GCs are
three times as likely to harbor a LMXB as blue GCs.
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Figure 2. Histograms of the number of GCs versus their
optical color, V. — I (Sarazin et al., 2003). The upper
histogram is for all of the GCs, while the lower shaded
histogram shows the GCs which contain LMXB:s.

4. SPATIAL DISTRIBUTIONS OF STARS, GCS,
AND LMXBS

The radial distribution of GCs in elliptical galaxies is
more extended than that of the field stars; in particular,
the optical light profiles of ellipticals typically show a
central cusp, whereas the spatial distribution of GCs has
a constant surface density core. This may indicate that
GCs never formed in the central regions, or that the GCs
which were initially formed there were disrupted by tidal
effects. One way to test this would be to search the cen-
tral regions of ellipticals for a stellar population which is
characteristic of GCs. This is difficult for optical stars;
however, as noted above, LMXBs are preferentially pro-
duced in GCs. At the same time, we would like to know
what fraction of the field LMXBs were made in GCs.
Some of the GC LMXBs might have escaped individ-
ually due to stellar dynamical interactions, or they may
have been released when their host GC was disrupted by
tidal effects. In either case, these field LMXBs would
have a spatial distribution which reflected the initial spa-
tial distribution of the GCs. Thus, by studying the spatial
distributions of the optical light, GCs, and field and GC
LMXBs in galaxies, we can constrain models for the for-
mation and destruction of GCs and the origin of LMXBs.

Figure 3 shows models for the spatial distribution of field
and GC LMXBs in an elliptical galaxy (Sarazin, 2006).
The stellar and GC distribution were based on observa-
tions of NGC 4365, and the X-ray sources are from our
earlier Chandra observation of this galaxy (Sivakoff et al.,
2003). Here, I show only three extreme models. In Model
1, all field LMXBs were made in situ. This model prob-
ably provides an adequate fit to the existing data. Note
the general result that the observed LMXB distribution
is broader than that of the stars, reflecting the contribu-
tion of GC LMXBs. In Model 2, all LMXBs are made

in GCs, and the field LMXBs were individually ejected
from GCs. In this model, the predicted distribution of
the LMXBs is broader than that observed. Finally, in
Model 3, all LMXBs are also made in GCs, but the only
mechanism for the release of the field LMXBs is the tidal
disruption of GCs. In this model, the predicted distribu-
tion of field LMXBs is more strongly peaked than that
observed due to the high rates of GC destruction at the
center of the galaxy. Although better data are needed, the
comparison of the models with the present data indicate
that at least half of the field LMXBs were made in situ.

5. VARIABILITY OF LMXBS: DISCOVERY OF
LUMINOUS X-RAY FLARES

In order to detect fainter LMXBs and to study the vari-
ability of these sources, we have performed multi-epoch
observations of two nearby, optically luminous, X-ray
faint elliptical galaxies, NGC 4697 and NGC 4365. Each
galaxy was observed a total of five times over about five
years for a total exposure of about 200 ksec. (The fifth
and final observation of NGC 4365 is scheduled for 2005
November; in this paper, we discuss only the observations
from NGC 4697.) Hubble observations of the centers of
these galaxies (Coté et al. , 2004; Jordan et al., 2004), re-
veal the globular clusters (GCs). Flanking fields of both
galaxies will be observed in HST Cycle 14, providing es-
sentially complete coverage of their GCs.

Variability studies of LMXBs in the Milky Way and
in E/SOs are very complementary. Galactic LMXBs
can be studied in great detail during both active
(Lx 21035 ergs s—1) and quiescent (L x <1034 ergs s—1)
states across all wavelengths. From this, binary proper-
ties (e.g., donor type, compact object mass, orbital pe-
riod, jet presence) can be determined, allowing for a
better understanding of LMXB formation and evolution.
However, there are several limitations in studying Galac-
tic LMXBs: source distances are known for only a small
subset, it is difficult to observe the whole Galaxy at once,
absorption columns vary from source to source, and the
size of the observed sample is limited. The latter limita-
tion means that we are less likely to encounter rare phe-
nomena, particularly those associated with the more lu-
minous sources. The large number of luminous LMXBs
in each elliptical galaxy provides a significant chance to
detect very unusual objects.

We developed a new technique for detecting and char-
acterizing short flares from faint X-rays sources, which is
based on searching the arrival times of individual photons
for cases where a larger number of photons arrive within
a short period.

In NGC 4697, we have discovered three sources which
undergo very luminous X-ray flares (Sivakoff, Sarazin, &
Jordan , 2005). Two sources (CXOU J124837.8—054652
and CXOU J124831.0—054828) show ~ 1000s flares
with Ly, > 4 x 1038 ergss~!. Both of these LMXBs ap-
pear to be located in GCs. Although the timescale of the
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the field LMXBs were individually ejected from GCs. In Model 3, all LMXBs are made in GCs, and all field LMXBs result

from the tidal disruption of GCs.

flares is similar to superbursts, the luminosity is higher
than expected for a neutron star (NS). Furthermore, the
recurrence timescale of flares is probably on the order of
~10 hours, much shorter than the approximately year-
long timescale of Galactic superbursts. Recently, Mac-
carone (2003) proposed that these sources are slightly ec-
centric binaries in GCs which flare at periastron.

An even more perplexing source (CXOU
J124839.0—-054750) with recurrent ~ 70s flares was
also found, with a flaring luminosity of Lx>5 x 1037
erg s—! (Fig. 4). This source is not coincident with a
GC. The flare behavior of CXOU J124839.0—054750
does not have a clear analog in our own Galaxy. Its peak
luminosity is clearly super-Eddington for an NS; the flare
is at least 8 times the Eddington luminosity of a helium
burning NS. This shows it is not a Type-I X-ray burst.
Since NGC 4697 is an elliptical galaxy, it is unlikely that
this source is an HMXB like LMC X—4 or V4641 Sgr.
The flare timescale is similar to rapid transients seen in
the BH-XRBs, GRS1915+105 and V4641 Sgr.

One possibility is that CXOU J124839.0—054750 (and
possibly the other two flaring sources as well) are re-
lated to Galactic microquasar sources. Microquasars
are XRBs with accreting BHs which produce relativis-
tic jets (e.g., Mirabel & Rodriguez, 1999). In most
of the known Galactic examples, we are observing the
sources at a large angle from the jet axis (see, however,
Orosz et al., 2001). The very high luminosity of CXOU
J124839.0—054750 might be explained if we are seeing
this source along the jet axis. In analogy to their AGN
counterparts, microquasars observed along the jet axis
are referred to as microblazars (Mirabel & Rodriguez,
1999). Blazars are known to undergo relatively short
timescale outbursts; the same phenomena, scaled to mi-
croblazars, might account for the X-ray flares in CXOU
J124839.0—-054750.
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ABSTRACT

First results from an X-ray mini-survey carried out with
XMM-Newton are presented in order to investigate the
diffuse Hot lonized Medium in the halos of nine star-
forming edge-on galaxies. Diffuse X-ray halos were de-
tected in eight of our targets, covering a wide range of star
formation rates from quiescent to starburst cases. EPIC
X-ray contour maps overlaid ontodHimaging data re-
vealed that the presence of X-ray halos is correlated with
Diffuse lonized Gas. Moreover, these halos are associ-
ated with non-thermal cosmic ray halos, as evidenced by
radio continuum observations. UV-data obtained with the
OM-telescope reveal that Diffuse lonized Gas is well as-
sociated with UV emission originating in the disk. We
found very strong indications that spatially correlated
multi-phase gaseous halos are associated with star form-
ing processes in the disk. By including multi-wavelength
data of other star forming spirals, we obtained a sample of
23 galaxies which allow us to test key parameters which
trigger the formation of multi-phase halos. We found
that diffuse soft (0.3-2.0keV) X-ray luminosities corre-
late well with Hy, B-band, FIR, UV, and radio continuum
luminosities, with SFRs and with the energy input rate by
SNe. X-ray luminosities are found to not correlate with
HI mass and baryonic mass. All this implies that gaseous
halos are indeed created by star forming processes. More-
over, there seems to exist a critical SFR threshold above
which these halos form.

Key words: Galaxy halos; extended X-ray emission;
ISM; starburst and quiescent galaxies.

1. INTRODUCTION

What causes the formation of multi-phase gaseous halos
in star forming late-type spiral galaxies? It is commonly
believed that supernova (SN) explosions, galactic winds
or stellar winds from young and hot stars are the main

triggering mechanisms. Theoretical models predict an in-
tense transport of gas and momentum between the disk
plane and the halo (so called disk-halo interaction, DHI).
The combined power of SNe explosions in star forming
regions produce overpressured flows of hot gas which is
driven off the disk into the halo. This process gives rise
to phenomena known as galactic fountains (de Avillez,
2000) or chimneys (Norman & Ikeuchi, 1989).

The results of the violent energy input are visible in dif-
ferent wavelength regions, such as in the radio, in the op-
tical or in X-rays. Superbubbles and filaments as well
as extended worm structures have been observed in the
Milky Way (e.g., Heiles, 1984; Koo et al., 1992; Reynolds
et al., 2001) as well as in several other galaxies (e.g.,
Devine & Bally, 1999; Tullmann et al., 2000, 2003).

Independent evidence of an interstellar DHI comes from
the presence of a thick extraplanar layer (1.5 — 10kpc)
of ionized hydrogen, called “Diffuse lonized Gas” (DIG)
which is most likely also blown outinto the halo by corre-
lated SNe (see Dettmar (2004) for a recent review). Dur-
ing the last five years significant progress was achieved in
this field, e.g., by carrying out a comprehensive sur-

vey of 74 edge-on spirals, by estimating the ejected DIG
mass, and deriving an empirical set of parameters which
indicates the presence of prominent DIG halos (Rossa &
Dettmar, 2000, 2003a,b). It turned out that the star for-
mation rate (SFR) per unit area determines whether or not
starburst and normal star forming galaxies possess DIG
halos. As the SFR is related to the energy input rate by
SNe, this directly supports star formation induced galaxy
halos.

Moreover, it was shown that filamentary DIG structures
(traced by H), radio continuum emission, and magnetic
field vectors are well aligned in the halos of some star
forming spirals (e.g., Dahlem et al., 1997; Tlullmann et
al., 2000). This was verified also for at least 13 of the
survey galaxies for which radio data are available (Rossa
& Dettmar, 2003a,b). Beside this purely morphologi-
cal correlation, additional studies also found correlaio
between FIR, B, and X-ray luminosities (e.g., Condon,
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Figure 1. The UV contours maps of NGC 4631, NGC 4634, and NG6& 8&ft panels) obtained with the Optical Monitor
(UVW2 filter) and overlaid onto correspondingstHmages nicely confirm the tight relation between DIG and UNtice

uum emission. The appropriate EPIC X-ray images (right

tsneere created from merged pn and MOS eventlists in the

soft energy-band (0.2 - 1.0 keV) and give evidence to thepoesof soft extended X-ray halos.

1992; Read & Ponman, 2001). For starburst galaxies,
a multi-phase correlation could be established making
extensive use of the Chandra satellite (Strickland et al.,
2002, 2004a,b) and XMM-Newton (Stevens et al., 2003;
Ehle, 2005). For normal star forming spirals, however,
it was dubious, until we started to investigate the above
relation with XMM-Newton for lower energy input rates.

What causes the coexistence of multi-phase gaseous ha-
los? This can be understood by considering the origin
of the radiation observed in certain wave bands. The
FIR emission is most likely produced by young dust en-
shrouded stars whose UV flux is absorbed by dust grains
and re-emitted at infrared wavelengths. Synchrotron
emission originates in the radio continuum and traces



Table 1. Derived plasma parameters

GalaXy D |Z| kTsoft kThard LX,soft Te soft Tle hard <Mgas>
[Mpc]  [kpc] [keV] [1099ergs!] x1073/V/Flcm™3] x10%f [Mg]
1) (2) 3) (4) (5) (6) (7) (8)

10.6 0.062:0.037 0.196:-0.074 0.02 0.50.2 0.6:0.3 0.0%<0.01

9.00 0.069:0.032 0.245-0.041 0.03 0.£0.2 0.8:0.3 0.01<0.01

7.40 0.096t0.038 0.2110.075 0.07 0.90.1 1.1H0.2 0.040.02

5.80 0.103:t0.019 0.274:£0.035 0.12 1.30.2 1.5-0.3 0.16:0.03

420 0.173:0.031 0.284:0.057 0.15 1.50.2 1.8t0.3 0.110.04

NGC 4631 7.5 0.0 0.2340.012 0.86740.019 0.25 0.£0.1 0.9:0.2 0.44+:0.10
2.90 0.173:0.029 0.372£0.093 0.08 1.60.1 1.2£0.2 0.09t0.03

450 0.151H0.037 0.266:0.124 0.04 0.80.1 0.9:0.2 0.06:0.02

6.10 0.122£0.028 0.2710.181 0.02 0.60.1 O0.A0.1 0.03t0.01

3.30 0.093:0.012 0.1910.089 0.03 1.30.2 1.5:04 0.02:<0.01

1.90 0.108:0.032 0.2640.113 0.05 1.80.3 2.0t0.6 0.03t0.01

NGC 4634 19.1 0.0 0.22%0.035 0.848:0.207 0.03 1.30.2 1.8:0.3 0.03:<0.01
2.00 0.113:0.027 0.305:0.130 0.04 1.40.2 1.6:0.5 0.03t0.02

6.90 0.06A4-0.031 0.251H-0.101 0.16 0.60.2 0.40.3 0.28:0.19

4.20 0.085:0.022 0.280:0.053 0.36 0.90.2 1.0+0.3 0.410.22

NGC5775 26.7 0.0 0.2680.049 0.940:0.191 0.37 2.60.1 3.6:0.2 1.65+0.22
440 0.125:-0.033 0.358:0.136 0.42 1.60.2 1.10.3 0.45:0.18

7.05 0.099-0.029 0.350:0.168 0.24 0.£0.2 0.8:0.3 0.34:0.20

Notes: Col (1): Distance to the target in Mpc. Col. (2): Heighove/below the disk plane where the spectrum was extraCtels.

(3) and (4): Temperatures for the soft and hard componengiged from spectral fitting (see Tillmann et al. 2005 fotadls). Col.
(5): Diffuse soft X-ray luminosities (0.3 —2.0keV), basaddistances listed in Col. (1). Cols. (6) to (7): Electronglgas for the soft
and hard component. Col. (8): Averaged gas masses withiexthected volume, based on averaged electron densiti@datdd from

Cols. (6) and (7).

high energy cosmic ray (CR) electrons produced by SNe
or Supernova remnants (SNRs). B-band and UV lumi-
nosities are indicators of the continuum radiation of hot
and young stars, whereasaHs a good tracer of gas
photoionized by OB-stars and of the above mentioned
DHI. X-ray emission, finally, is typical for X-ray binaries,

3. RESULTS

In the following we concentrate on presenting represen-
tative results for two starburst galaxies (NGC 4631 and
NGC 5775) and one actively star forming spiral galaxy

SNRs, superwinds, and diffuse hot plasmas generated by (NGC 4634). We used mergegPIC pn and MOS con-

these objects.

2. THE SAMPLE

Our initial XMM-Newton sample consists of nine star
forming late-type spiral galaxies which cover the star-

burst as well as the quiescent case. All targets are nearby
to gain good spatial resolution and seen nearly edge-on

to allow a clear discrimination between the soft emission
originating in the disk and the halo. The sample was
chosen from the aforementionedvtsurvey of edge-on
galaxies (Rossa & Dettmar, 2003a) by selecting galaxies
with the highest_rir / D3, values and exceeding a IRAS
Seo/S100 ratio of 0.3. These parameters are considered
to be a good discriminator for starburst and normal star
forming spiral galaxies (e.g., Lehnert & Heckman, 1996;
Rossa & Dettmar, 2003a; Strickland et al., 2004a). It

tour maps (0.2-1.0keV) overlaid ontooHmages and

of Optical Monitor (OM) UV imagery carried out with
the UVW?2 filter in order to systematically investigate the
spatial correlation of multi-phase gaseous galaxy halos.
A detailed description of our multi wavelength approach
and relevant results from our XMM-Newton observations
are given in the first of a series of papers (Tullmann et al.,
2005).

3.1. XMM-Newton EPIC and OM imaging

Fig. 1 nicely confirms that the extraplanar DIG emission
is well associated with sites where the UV-flux in the disk
is enhanced. In case of NGC 5775, one likely can inter-
pret the extraplanar DIG as the limb brightened walls of
giant outflow cones and thus make the connection with
the central UV sources which seem to be the main drivers
of the outflow. Hence, in all three cases a clear correla-
tion between DIG and UV continuum originating in the

should be stressed that our sample is neither complete nor disk plane exists. As DIG also correlates with diffuse soft

free from selection effects.

X-ray emitting gas in the halo (see right-hand panels), it



is self-evident to also consider a correlation between th
hot ionized gas and stellar feedback processes (traced |
UV radiation).

Beside a DIG and a soft X-ray halo, all three targets alsc
show an extended radio continuum halo at 1.4 GHz, in-
dicating the presence of CRs at extraplanar distance:
Hence, we conclude that multi-phase gaseous halos a
indeed created by star forming activity rather than by ac-
cretion from the IGM/halo as suggested by Benson et al
(2000) or Toft et al. (2002).

What, however, is the critical energy threshold above
which multi-phase halos start to form? We address thi
guestion in subsection 3.3.

3.2. XMM-Newton EPIC pn spectroscopy

Essential parameters of the halo gas, such as electron de
sities, gas temperatures, and gas masses, were determir
by means of EPIC pn spectroscopy carried out at sever:
offset positions above the disk (see Table 1). In orde!
to determine these quantities we fitted all spectra witt
a simple 3-component model, consisting of a photoelec
tric absorber to account for the foreground absorption an
two thermal Raymond-Smith (RS) plasma models. Bott
RS components (a hard and a soft one) are fixed to co:
mic metal abundances. The individusll; values have
been taken from Dickey & Lockman (1990) and are not
allowed to vary during the2-minimization process.

Spectra are fitted only for energy channels with a sig-
nificant number of counts per time and energy interval.
For the halo this is the range between 0.3-2keV, which
nicely demonstrates that diffuse X-ray halos are indeed
very soft. From Fig. 2 it is directly evident that there is
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Figure 2. Derived gas parameters plotted as a function of
z. Soft and hard temperatures have been derived by fitting
the emission spectra with a photoelectric absorber and
two RS plasma models of different temperatures. Elec-
tron densities and gas masses within the ionized volume
are averages of the soft and the hard component and are

a temperature and density gradient in the halo. Gas tem- calculated from soft X-ray luminosities.

peratures and electron densities decrease with increasing

height above the disk. As a consequence of declining

densities, the hot ionized gas mass in every extracted re-
gion decreases, too. The trends shown in Fig. 2 are con- .

sistent with starburst-driven Galactic wind models (Bre-
itschwerdt, 2003).

3.3. Multi-frequency correlations

Provided our hypothesis of star formation induced multi-
phase galaxy halos is correct, there also should exist (in
addition to phenomenological analogies) strong correla-
tions between different star formation tracers. Such trac-
ers could be star formation rates (SFRs), SN energy in-
put rates E}ft) and Lyir/ D35 ratios, but also multi-
frequency luminosities of the integrated radio continuum,
FIR, Ha, B-band, UV, and X-ray emission.

In order to carry out a statistical correlation analysis
of these quantities, we increased our initial sample by

searching the literature for appropriate targets. The fol-
lowing sample selection criteria were applied: all galax-
ies had to be late-type spirals (Sc-Sd), relatively nearby
(< 50Mpc), and seen nearly edge-anx 70°). More-
over, they had to be previously investigated in the wave
bands listed above. No constraints were imposed on the
$60/5100 and Lpir / D35 ratios to reach the largest pos-
sible coverage of the parameter space. Our extended sam-
ple consists now of 23 galaxies which allow us to perform
least-squares fitting (assumiig= m X + b) and Spear-
man rank-order correlation analysis, to test the signifi-
cance of the correlation between the investigated pairs of
parameters. Results are shown in Fig. 3.

We find very strong linear correlations between star for-
mation indicators and multi-frequency luminosities. In
addition to the well establisheBir /L1 4cH, relation,

highly significant linear dependencies between soft X-
ray luminosities (0.3—2.0keV) and integrated FIR, ra-
dio continuum (1.4 GHz), H, B-band, and UV lumi-

nosities can be established. Moreover, soft X-ray lumi-
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Figure 3. The strong linear correlations between X-ray Inasities, FIR, 1.4 GHz, &, broadband B, and UV luminosi-
ties, SFRs, and energy input ratgs, indicate that star forming processes in the disk are thelyikiriver of multi-phase
gaseous halos. Filled (open) symbols represent galaxiggauit) multi-phase halo detections. Solid lines représea
best linear fits to the data whereas the dashed line indicategation with unity slope (seelillmann et al. (2005b) for
details and the full set of correlations), denotes the Spearman rank-order correlation coefficient.

nosities correlate well with star formation rates and the are created by outflowing gas produced in star forming
energy input rate by SNe into the ISM. Only weak corre- related events in the disk plane.

lations are found between the dust mass of a galaxy and

the corresponding soft X-ray luminosity. X-ray luminosi-  However, in order to achieve a more comprehensive pic-
ties are found to not correlate with baryonic and ¢ths ture on the evolution of galaxy halos in different wave
masses. These statistical results also support that multi- bands, we need to answer the question of the threshold

phase gaseous galaxy halos in late-type spiral galaxies SFR (or equivalently the SN energy input rdfg) re-



quired to create multi-phase gaseous halos. From Fig. 3
we cannot tell precisely, as the lower energy end of our
correlations is statistically not well covered. It appears
however, that for multi-phase halos to evolve a criti-
cal threshold needs to be exceeded (e.gh FRpir >
1.0Mglyr). Interestingly, DIG seems to coexist with
other gas components if adtstar formation rate per unit
area of 8.2 + 0.5) x 10%° erg s'kpc=2 is exceeded
(Rossa & Dettmar, 2003b).

In this context it is important to point out that the quan-
tification of the threshold and the progress of understand-
ing the physics of gaseous galaxy halos how depends on
galaxies with no or only little halo emission than on “well
understood” targets.

4. SUMMARY AND CONCLUSIONS

With a sample of 23 normal star forming galaxies and by
adding additional wave bands {Hand UV), we found
remarkably strong linear correlations between 1.4GHz
radio continuum, FIR, H, B-band, UV, and X-ray lu-
minosities. Strong correlations also exist if X-ray lumi-
nosities are plotted against SFFI&‘FIR/D%, or the en-
ergy input rate by SNe per unit area, expressedzhy

(cf. Fig. 3). X-ray luminosities neither correlate with the

H 1 nor with the baryonic mass of a galaxy. Our results
clearly imply that multi-phase halos are the consequence
of stellar feedback processes in the disk plane. They con-
flict with the concept of halos being due to infalling gas
from the IGM.
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ABSTRACT

An analysis of the properties of the hot ISM in the
merging pair of galaxies known as The Antennae (NGC
4038/39), performed using the deep 411 ks Chandra

formed (a process called “feedback”). Feedback exer-
cises an influence not only on the gas-phase conditions in
the immediate environment of the clusters hosting mas-
sive stars (e.g. Pudritz & Fiege 2000), but also on the
phase structure and energetics of the ISM on galactic
scales (e.g. McKee & Ostriker 1977) and on the thermo-

ACIS-S data set is presented. These deep observationsdynamics and enrichment of the inter-galactic medium

and Chandra’s high angular resolution allow us to inves-
tigate the properties of the hot ISM with unprecedented
spatial and spectral resolution. Through a spatially re-
solved spectral analysis, we find a variety of temperatures
(0.3-0.7 keV), densities3(x 1072-1.5 x 10~ cm™?),

and Ny (up to2 x 102! cm~2). Metal abundances for
Ne, Mg, Si, and Fe vary dramatically throughout the ISM
from sub-solar values~0.2) up to~20 times the solar
abundance. Comparison of the abundances with the av-
erage stellar yields predicted by theoretical models of SN
explosions points to Type Il SNe as the main contribu-
tors of metals to the hot ISM. No evidence of correla-
tion between radiooptical star formation indicators and
the metal abundances is found. Although uncertainties in
the average density cannot exclude that mixing may have
played some important role, the time required to produce
the observed metal masses3 Myr) suggests that the
correlations are unlikely to be destroyed by the presence
of efficient mixing. More likely a significant fraction of
Type Il SNe ejecta may be in a cool phase, in grains, or
escaping in the wind.

Key words: galaxies: peculiar; galaxies: individ-
ual(NGC4038/39); galaxies: interactions; X-rays: galax-
ies; X-rays: ISM.

1. INTRODUCTION

Massive stars deeply influence the baryonic component
of the Universe. Their ionizing radiation and the super-
novae (SNe) return kinetic energy and metal-enriched gas
to the interstellar medium (ISM) from which the stars

(IGM) on scales of several Mpc (e.g. Heckman 1999).
The vast range of spatial scales involved is only one of
the difficulties encountered in attempting to study feed-
back. Even restricting the discussion to purely mechani-
cal feedback from SNe and stellar winds (SN feedback),
another difficulty is the broad range of complicated gas-
phase physics, which includes (magneto)hydrodynamic
effects such as shocks and turbulence, thermal conduc-
tion, and non-ionization equilibrium (NEI) emission pro-
cesses.

Several attempts at putting quantitative constraints on
the metal enrichment caused by SN feedback in star-
burst galaxies have been made in the recent past. From
a small sample of edge-on starburst galaxies observed
by ROSAT and ASCA, Weaver, Heckman, & Dahlem
(2000) obtained abundances completely consistent with
solar values and no evidence of super-solar ratios of the
a elements with respect to Fe, as required by type-1l SN
feedback (e.g., Gibson, Lowenstein, & Mushotzky 1997).
Moreover, they concluded that the technique of measur-
ing abundances through X-ray spectral fitting is highly
uncertain because of ambiguities in the fits (e.g., a de-
generacy between the temperature and metallicity), and
strongly dependent on the model choice (see also Dahlem
et al. 2000; Strickland et al. 2002, 2004). The advent
of Chandra, with its sub-arcsecond angular resolution,
allowed a better subtraction of the point sources from
the galactic diffuse emission, simplifying the spectral fit
ting. However, the low resolution spectra of the Chan-
dra ACIS CCDs (Weisskopf et al. 1996) did not allow

a dramatic improvement in the accuracy of abundance
measures. Notwithstanding the limits of ACIS spectral
resolution, Martin, Kobulnicky, & Heckman (2002), ob-
serving the dwarf starburst galaxy NGC 1569, claimed to
obtain ratios ofx elements to Fe 2 -4 times higher than



the solar value.

While X-ray observations of the halos of nearby edge-
on disk galaxies may provide the best single probe of the
action of mechanical feedback on galactic scales, obser-
vations of the disks dface-omearby spiral galaxies may
provide useful insights into the physics and enrichment of
the hot gas. Such observations allow a spatially resolved
analysis of the hot ISM in the disk that is much less af-
fected by internal absorption than in the case of edge-on
galaxies.

The Antennae are the nearest pair of colliding, relatively
face-on spiral galaxies involved in a major merger (D =
19 Mpc for Hy = 75 km s~ ' Mpc~'). Hence, this sys-
tem not only allows a study of the properties of the ISM
relatively unaffected by internal absorption, but it also
provides a unique opportunity to get the most detailed in-
sight possible into the consequences of a galaxy merger,
such as induced star formation and its effect on the ISM.
The presence of an abundant hot ISM in The Antennae
was originally suggested by the firkinstein observa-
tions of this system (Fabbiano & Trinchieri 1983), and
has since been confirmed by observations with several
major X-ray telescope ROSATRead, Ponman, & Wols-
tencroft 1995, Fabbiano, Schweizer, & Mackie 1997; and
ASCA Sansom et al. 1996). The fiGhandraACIS ob-
servation of The Antennae in 1999 gave us for the first
time a detailed look at this hot ISM, revealing a com-
plex, diffuse, and soft emission component responsible
for about half of the detected X-ray photons from the two
merging galaxies (Fabbiano, Zezas & Murray 2001; Fab-
biano et al. 2003, hereafter FO3). The spatial resolution
of Chandrais at least 10 times superior to that of any pre-
vious X-ray observatory, which allows us to resolve the
emission on physical scales f75 pc (for D=19 Mpc)

and to detect and subtract individual point-like sources
(most likely X-ray binaries; see Zezas et al. 2002).

While the firstChandradata set demonstrated the rich-
ness of the ISM in The Antennae, the number of detected
photons was insufficient to study its detailed small-scale
morphology and spectral properties. A deep monitor-
ing observing campaign of The Antennae w@thandra
ACIS has produced a detailed and rich data set. This
data-set revealed a complex diffuse emission, with sig-
natures of strong line emission coming from some of the
hot ISM regions, pointing to high element abundances
(Fabbiano et al. 2004, Baldi et al. 2005a,b). Here we
resume the physical properties of the hot gas and we in-
vestigate its enrichment by SN explosions.

2. IMAGING AND SPECTRAL ANALYSIS

NGC 4038/39 was observed withandraACIS-S seven
times during the period between December 1999 and
November 2002, for atotal 6411 ks. The data products
were analyzed with the CXC CIAO v3.0.1 software and
XSPEC package. Full details about the data processing
and reduction are given in Baldi et al. (2005a, hereafter
Paper I).

Paper | presents a mapped-color image of the diffuse
emission in The Antennae, representing contributions

-18°52'00"

Dec (J2000)

RA (J2000)

Figure 1. 0.3-6 keV Chandra ACIS-S image of The An-
tennae. The 21 regions used for the spectral analysis of
the hot ISM are marked in white. A high-resolution color
version of this figure can be found in Paper I.

from three different energy bands: 0.3-0.65 keV, 0.65—
1.5 keV and 1.5-6 keV. Before combining the images
from the three bands, all point sources were subtracted
and an adaptive gaussian kernel was applied to each of
the three images. A similar procedure was applied to
generate a line-strength map for the emission lines from
O+Fe+Ne (0.6-1.16 keV), Mg (1.27-1.38 keV), and Si
(1.75-1.95 keV) in different regions of the hot ISM.

Both the mapped-colorimage of the diffuse emission and
the line-strength map (presented in Figure 4 and 6 of Pa-
per 1) guided us in selecting 21 spectrally similar regions
for a proper spectral analysis. These regions are shown
in Figure 1. The method used for the spectral extraction
and analysis is fully described in Paper I.

Almost all regions could be fitted with a single thermal
component. Only Region 4b required two thermal com-
ponents with differenkT; in this region, we could not
constrain the lowtT" value (although we found a mini-
mum in they? statistics at7T = 0.20 keV), and we could

put only alower limit &7" > 0.54 keV) to the higher tem-
perature component. Almost all the single-temperature
regions required a temperaturekdf ~ 0.6 keV to fit the
data, except for regions 5, 8b, and ¥4'(~ 0.3 keV).
Considering all the regions analyzed, the temperatures
(both in the single- and two-temperature cases) range
from ~ 0.2 to ~ 0.8 keV (including the errors). Our
analysis yielded metal abundances that have acceptable
constraints in the majority of regions, and led to the most
important, and somewhat unexpected, result of our spec-
tral analysis: the abundances of Silicon and Magnesium
cover a wide range of values ranging from the very low
values found in regions 2, 6a, 12a, and 12~ 0.27)

to the very high values observed in Region’k £10-—

20 Zg). The intrinsic absorption throughout the hot ISM

is generally low, withNy ~ 102° cm~2 typical and of-

ten consistent with zero. The exceptions are the southern
nucleus (regions 8a and 8b) and Region 7, which is sig-
nificantly obscured also in the optical. In the optical and



near infrared, Region 7 corresponds to the “Overlap Re-
gion,” where the most active star formation is now occur-
ring (Mirabel et al. 1998; Wilson et al. 2000; Zhang, Fall,
& Whitmore 2001). These three regions show intrinsic
absorption ok~ 1 — 2 x 102! cm—2.

3. HOT-GASPARAMETERS

From the parameters determined from the spectral fits
we estimated various properties of the emitting plasma,
such as electron density. (~ ng), thermal energy
contentE,;, cooling timer,., and pressurg. Since we
observe regions projected on the plane of the sky, we can
only measure the “footprint” of each emitting region. To
estimate the emitting volumes we adopted the following
procedure. For all “single”-temperature regions, we
assumed a depth of 200 pc for the emitting volume,
corresponding to the typical depth of a spiral disk. In the
case of Region 4b, where we have two temperatures, we

assumed that the high- and low-temperature components

are in pressure equilibrium, and derived the thicknesses
for the volumes occupied by these two phases from
the best-fitkT's, imposing the condition that they add
up to a total value oR00K pc. The filling factorn is
assumed to be unity in our calculations. A filling factor
7 close to unity for the hot phase of the ISM is plausible
from recent results coming from 3D hydrodynamical
simulations {4 ranging between 0.17 and 0.44 for SN rate
between Galactic and 16 times the Galactic value; see,
e.g., de Avillez & Breitschwerdt 2004 and references
therein). However, our parameters have only a slight
dependence on ito{ n~'/? or x 7n'/?), hence our
estimates are precise within a factor of two or less.

The calculated cooling times are in thé"—10% yr range

and in agreement with the results of FO3. The pressure
is generally of the order of a few0~!* dyne cnt2, but
reaches higher values (a feMd—1° dyne cn?) in the

two nuclei and also in the regions corresponding to the
hot-spot regions R1 and R2 of FO3. These new values
are in excess of those found in FO3, possibly reflecting
the fact that larger areas were averaged over in that work.
FO3 argued for a possible pressure equilibrium between
the hot gas and the cold molecular clouds. Zhu, Seaquist,
& Kuno (2003) derived from CO measurements a
pressure oft.2 x 10! for the northern nucleus (NGC
4038) and of3.1 x 10! dyne cm 2 for the southern
nucleus (NGC 4039). Our observations suggest that
the hot-gas pressure is a few times higher than the CO
estimate for the northern nucleus and almost an order
of magnitude higher in the southern nucleus. Such a
large pressure difference would imply that shock waves
are being driven into the CO clouds. The hot ISM may
therefore in part be responsible for compressing and
fragmenting the CO clouds, triggering star formation.
However, we must bear in mind the large uncertainties
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Figure 2. Abundance-ratio diagrams for regions of the
Antennae hot ISM: [Ne/Fe] vs. [Mg/Fe] (left); [Ne/Fe]
vs. [Si/Fe] (right). Abundance units refer to meteoritic
abundances of Anders & Grevesse (1989). Each region
is plotted with a small black dot (upper limits with black
arrows). Dotted line symbols correspond to ratios ex-
pected in SNe la yields, while solid line symbols refer to
the average stellar yield of SNe II. “FO0” indicates val-
ues adopted in Finoguenov et al. (2000), while the other
labels refer to the theoretical works listed in Nagataki
& Sato (1998). Cas A and N132D SN ratios derived
from the metallicities observed by BeppoSAX (Favata et
al. 1997a, 1997b) are plotted too . Other symbols and
lines refer to determinations of abundance ratios in other

in the estimated pressures, due to the assumptions we 9alaxies: the warm Galactic halo, NGC 253, NGC 6946
had to make on the emitting volume and the small-scale and the Strickland et al. (2004) sample of edge-on star-

properties of the clouds.

bursts (see text for details).



4. ABUNDANCES

The elemental abundances of Ne-1X, Mg-XI, Si-XIlIl, and
Fe-L that we measure in the hot ISM of The Antennae

previous efforts aimed at measuring theto Fe ratio

in starburst galaxies. The only exception comes from
the Strickland et al. (2004) sample of edge-on starburst
galaxies. This data point, which has smaller error bars
than our typical error bars, is consistent with the ratios

are generally consistent with the stellar abundances mea- observed in almost all the regions of The Antennae. How-

sured from optical datay(0.5 solar; Fritze-v.Alvensleben
1998), except for a few regions (4b, 5, 7, 8a and 8hb)

ever, note that their smaller error bars derive from the fact
that they come from the observed hot halo emission in all

where the measured abundances are clearly in excess often galaxies of the sample. Moreover, in this sample they

this value and, in the case of Region 5, even significantly
super-solar. While all the other regions have metallic-
ities consistent with solar (within the errors), Region 5
is showing particularly enhanced abundances for three
out of the four elements we measuredn( > 3.9,
Zmg > 3.8, Zp > 1.3, at 90% confidence level). Such
high X-ray derived metallicities of Fe and especially of
thea elements are quite rare and have been rarely found
in previous observations of other galaxies (e.g. Soria &
Wu 2002; Schlegel et al. 2003). This could be due both to
the peculiarity of Region 5 and to the fact that constrain-
ing abundances through X-ray fitting of low resolution
spectra is always a challenging task.

cannot put a stringent upper limit on the [Si/Fe] ratio, a
thing that we were able to do in at least some of our re-
gions.

4.1. X-ray abundancesvs. Optical/Radio SF indica-
tors

To further explore our results, we searched for correla-
tions with age and star formation indicators for the dif-
ferent regions of The Antennae. NGC 4038/39 was ob-
served byHSTWFPC2 (F336W, F439W, F555W, and

The ratios between elemental abundances in each region F814W filters) in 1996 January (Whitmore et al. 1999).
can be related to the type of supernovae generating the There were also VLA observations (in configurations

metals. If the elemental enrichment results from Type I
supernovae, one would expect [Ne/Fe] and [Mg/Fe] val-

BnA, CnB, and B at 6 and 4 cm) performed in 1997 Jan-
uary and 1998 September (Neff & Ulvestad 2000).

ues approaching 0.3, and [Si/Fe] values approaching 0.5 From the published data and our visual estimates it was
on average; the corresponding values expected in Type la possible to derive—for each region—four quantities that

supernova enrichment are dramatically lower (Nagataki
& Sato 1998). We used our results to explore the origin
of the metals in The Antennae. The [Ne/Fe], [Mg/Fe],

and [Si/Fe] ratios of each spectral region are plotted in di-
agrams displaying the [Ne/Fe] ratio vs. [Mg/Fe] ratio and

[Ne/Fe] vs. [Si/Fe] (Figure 2). In these diagrams, we also
show the theoretical stellar yields expected from SNe la
and SNe lI, taken from the compilations by Finoguenov
et al. (2000) and Nagataki & Sato (1998). We also indi-

cate the regions occupied by the type-Il supernova rem-

might correlate with ISM metal abundances: a mean clus-
ter age, the relative strength of star formation, the star
formation per unit area, and the number of SNRs per unit
area. Details on how these quantities were calculated can
be found in Baldi et al. (2005b).

Figure 3 displays the relations between the SF per unit
area, SNRs per unit area and the mean abundanee of
elements in each region. There are no strong correlations
between the different star-formation indicators we calcu-
lated and the mean abundances in the same regions. The

nants (SNR) Cas A and N132D, using the abundances “star-formation per unit area” and the number of “SNRs
measured by Favata et al. (1997a,b) from BeppoSAX per unit area” are supposed to be among the best indica-
data. To relate our results to other measurements of these tors of star formation. Yet, these two quantities appear

ratios in the literature we plot also the values relative to
the warm Galactic halo (Savage & Sembach 1996), to the
emission both from the disk and from the northern halo
of NGC 253 (Strickland et al. 2002), to the X-ray diffuse
emission observed in NGC 6946 (Schlegel et al. 2003),
and to the averaged value in the hot halo of a sample of
ten nearby edge-on starbursts (Strickland et al. 2004).
Although the uncertainties are often large, almost all
regions observed in The Antennae show [Ne/Fe] and
[Mg/Fe] ratios fully consistent with a SN Il-dominated
enrichment scenario. However, the [Si/Fe] ratio is clearly
lower than expected in a SN Il enrichment scenario, and
in some cases it could be consistent with SN la enrich-
ment, although the uncertainties are quite large also for
this ratio. The only two exceptions to these trends are
regions 5 and 7, both located in the upper right corners
of the diagrams. These two regions have a [Si/Fe] ra-
tio fully consistent with an enrichment stemming entirely
from type-1l supernovae.

Although our measurements are affected by large uncer-
tainties they represent clearly an improvement over the

uncorrelated with the metal abundances.

The hot-gas masses derived from the measure of the
abundances may yield some clues toward an interpreta-
tion of this lack of correlations. Assuming the average
SN I stellar yields listed in Nagataki & Sato (1998),
we estimated the number of type-lIl SNe necessary to
produce the observed metal masses in the hot ISM, and
the time required to produce that number of SNe. If
the resulting time is significantly shorter thaf0 Myr,

then the lack of correlations may either be related to the
speed at which mixing occurs in the hot ISM or indi-
cate that the metals are somehow removed from the hot
phase of the ISM. Conversely, if the SN production time
is >100 Myr, then mean cluster ages may not be rel-
evant because over periods of 100 Myr or longer ma-
jor fractions of the decaying galaxy orbits are traversed
and it is unclear whether any relation could be estab-
lished between regional abundances and the past local
star-formation history.

A calculation for a range of theoretical models (see e.g.
Nagataki & Sato 1998) for SN Il average yields has been
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Figure 3. Diagrams of the mean abundancesaflements in each spectral region of the Antennae hot ISkepl@ersus
star formation per unit area (left), and SNRs per unit areglt).

performed in Baldi et al. (2005b). In that paper, we esti-

mated the time necessary to produce the required number

of SNe II, assuming a constant SN rate throughout The
Antennae. Neff & Ulvestad (2000) derived a SN rate di-
rectly associated with the compact radio sources detected
in The Antennae of 0.03 yi', assuming a typical SNR
emits 6-cm radio emission for 30,000 yr and has the lu-
minosity of Cas A. Applying instead the Condon & Yin
(1990) method (based on the ratio of non-thermal radio
luminosity to the radio-emitting SN rate in our Galaxy) to
the total steep-spectrum radio emission of The Antennae,
and not only to the detected compact sources, they predict
a SN rate of 0.26 yr*. For both rate estimates the times
required to produce the metals observed are quite short:
in the ~3.4-12 Myr range for a SN rate of 0.03yrand

in the ~0.4—1.4 Myr range for 0.26 yr.

Indeed, 2 Myr is a relevant time threshold for mixing in

a hot gas of the temperature we detect, corresponding to
average velocities of 500 kms™!. At 500 km s™*, gas
travels only~ 1 kpc in 2 Myr. If the time required to
produce the metals is actually of this order<2 Myr,

it may be unlikely that efficient mixing takes place on a
scale larger than a few hundred pc, and it is probably in-
sufficient to destroy the correlation. Other factors may
have destroyed the correlation as well like, e.g., (i) the
presence of a significant fraction of the SN ejecta in a
cool phase or (ii) in dust grains, or (iii) the escape of
the ejecta in a galactic wind. Another possibility could
be that the other metals are invisible in soft X-rays. In-
deed, in a Chevalier & Clegg (1985) wind model the met-
als would be expected to be in much hott&r £ 107-°

K) gas. Therefore the hot gas observed could be primar-
ily ambient ISM heated, but not particularly enriched, by
Type Il SNe.

5. SUMMARY AND CONCLUSIONS

In this paper we described the main results of an exten-
sive study of the X-ray properties of the diffuse emission

of The Antennae (NGC 4038/39), analyzing the entire

411 ks exposure obtained wi@handraACIS-S.

To summarize:

1) Fitting the Fe-L, Ne-IX, Mg-XI and Si-XIll emission

for the hot ISM, we find significant metal enrichment.
Metal abundances are generally consistent with solar, but
reach extremes of 20 solar in Region 5 and are signifi-
cantly subsolar in a few regions.

2) We derived physical parameters of the hot gas, such as
density, thermal energy, cooling times and pressure.

3) Comparison of elemental ratios with those expected
from Type la and Type Il SNe suggests that SNe Il are
mainly responsible for the metal enrichment of the hot
ISM in The Antennae, although the measured [Si/Fe]
ratios are mostly lower than those predicted for SN I

yields. This may be due by poor data quality at the energy
of the Si line (B2 keV).

4) We report a remarkable lack of correlations between
our abundance measurements and stellar age indicators,
estimated from either th& ubble observations of stellar
clusters (Whitmore & Schweizer 1995; Whitmore et al.
1999) or VLA SNR estimates (Neff & Ulvestad 2000).
The time required to produce the observed quantities of
metals through type-Il SN explosions is probabiy
Myr, implying that efficient mixing is unlikely to be the
main agent destroying the expected correlation between
abundances and radio-optical star-formation indicators.
This may point toward the presence of a significant frac-
tion of SN Il ejecta in a cool phase, in dust grains, or



escaping in a wind of hot gas, undetectable at soft X-rays
wavelengths.
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ABSTRACT

The controversy over whether ultraluminous X-ray
sources (ULXs) contain a new intermediate-mass class
of black holes (IMBHSs) remains unresolved. We present
new analyses of the deepest XMM-Newton observations
of ULXs that address their underlying nature. We exam-
ine both empirical and physical modelling of the X-ray
spectra of a sample of thirteen of the highest quality ULX
datasets, and find that there are anomalies in modelling
ULXs as accreting IMBHSs with properties simply scaled-
up from Galactic black holes. Most notably, spectral cur-
vature above 2 keV in several sources implies the pres-
ence of an optically-thick, cool corona. We also present a
new analysis of a 100 ks observation of Holmberg 11 X-1,
in which a rigorous analysis of the temporal data limits
the mass of its black hole to no more than 100 Mg,. We
argue that a combination of these results points towards
many (though not necessarily all) ULXs containing black
holes that are at most a few 10s of M, in size.

Key words: black hole physics - X-rays: binaries - X-
rays: galaxies.

1. ULXSANDIMBHS

ULXs have garnered a great detail of attention since the
launch of Chandra and XMM-Newton, as these missions
have provided the first opportunity to study these remark-
able objects in great detail (see e.g. Miller & Colbert
2004). The key question in these sources is whether their
extreme X-ray luminosities originate in isotropic radia-
tion from a compact object accreting below the Edding-
ton rate - requiring the presence of an IMBH - or whether
it can be explained by another means, with the prime
suspects being anisotropic or super-Eddington radiation
from a stellar-mass black hole.

The outstanding piece of recent evidence in support of the
presence of IMBHSs in ULXs derives from fitting their X-
ray spectra with the same empirical model as used for
Galactic black hole X-ray binaries (BHXRBs). It has
been found that a number of luminous ULXs are well fit-
ted by the combination of a soft multi-colour disc black-
body (MCDBB, representative of an accretion disc spec-
trum) plus a hard power-law continuum model (represen-
tative of a hot, optically thin corona). However, there is
one crucial difference: the temperature of the accretion
disc in these ULXs is a factor ~ 10 lower, at ~ 0.1 — 0.2
keV, than in Galactic systems. As the temperature of the
innermost edge of an accretion disc scales with the mass
of the compact object as kT}, o« Mg ?®, this implies
very massive black holes in these ULXs, at ~ 1000 Mg,
(e.g. Miller et al. 2003; Miller et al. 20043).

However, recent analyses of high spectral quality ULX
data have shown that some ULXs are best described by a
variant of this empirical model where the power-law con-
tinuum dominates at low energies (e.g. Stobbart et al.
2004; Foschini et al. 2004), and the disc component is
similar to that observed in stellar-mass black holes. Fur-
thermore, in the case of NGC 5204 X-1 there is a clear
ambiguity, with both model variants fitting the same data
(Roberts et al. 2005). So a bona fide “alternate” empiri-
cal description for the spectra of some ULXs does exist,
albeit one with serious physical challenges. In particu-
lar the origin of the dominant soft power-law is unclear
- it appears too soft to originate in a jet, and cannot be
disc-Comptonisation as it dominates well below the peak
emissivity of the disc spectrum.

2. ASAMPLE OF BRIGHT ULXS

The existence of this second class of ULX spectral shape,
and the ambiguity between this model and the “IMBH”



spectrum in NGC 5204 X-1, led us to consider the fol-
lowing questions:

e How easy is it to differentiate the two spectral
forms?

e How common is each type of spectrum?

e What are the physics underlying the alternate spec-
tral model?

We have therefore selected and uniformly reduced a sam-
ple of 13 ULXs, comprising the highest quality EPIC
spectral data available from the XMM-Newton archive, to
address these questions. The data were primarily selected
on the basis of datasets with ~ 10 ks or more EPIC ex-
posure, and a measured ROSAT High Resolution Imager
count rate > 10 ct ks—! (taken from Roberts & Warwick
2000 or Colbert & Ptak 2002). Though this sample is
small, the ULXs are representative of the full range of
ULX luminosity (~ 103° — 2 x 10%° erg s~!), and with a
minimum of a few thousand counts per source represent
the best defined X-ray spectra of ULXs to date. More
details on this work will appear in Stobbart et al. (2006).

2.1. Empirical spectral models

Our initial spectral fits were made utilising simple single
component spectral models, subject only to absorption by
material along the line-of-sight to the ULXs. The high
definition and underlying complexity of the ULX spectra
were highlighted by these fits, with none of the sources
being well-fit (using a 95% probability of rejection crite-
rion) by an absorbed MCDBB model, and only 5/13 be-
ing adequately fit by a power-law continuum (including
the three lowest quality datasets).

The use of two-component models improved the fits con-
siderably. In particular, the IMBH model (i.e. cool
MCDBB + hard power-law) produced good fits to 8/13
datasets (using the same criterion as above), with an
inner-disc temperature £Ti, ~ 0.1 — 0.25 keV and a
power-law photon index I" ~ 1.6 — 2.5. Again, the disc
temperatures inferred in these sources lead to black hole
mass estimates in the range ~ 1000 Mg. However, the
anomaly in power-law slope discussed by Roberts et al.
(2005) remains - though one might reasonably expect the
IMBH accretion disc to be in a “high/soft” or “very high”
state, given that it appears to be accreting at or above
roughly 10% of the Eddington rate, these states typically
(though not exclusively) show power-law continua with
photon index I' > 2.4 (McClintock & Remillard 2005).
The power-law continua exhibited by these IMBH candi-
dates therefore appear to possess photon indices that are
somewhat on the low side.

The alternate empirical model (soft power-law, dominant
at low energies, plus a warm MCDBB) also produced a
total of 8/13 good fits. In fact, six of these sources were

also well-fit by the IMBH model, hence spectral ambigu-
ity is present in 6/13 of the ULXs even in our high data
quality sample. Of the remaining sources, two apiece
were uniquely well-fit by either the IMBH or alternate
model, and the remaining three were well-fit by neither
(though two favoured an IMBH fit, and one the alternate).

There is a potential discriminator between the two models
that allows us to investigate which model the ambiguous
sources prefer, namely curvature in the 2-10keV range.
This should be present in the alternate model (which is
dominated by the MCDBB in this regime) but not the
power-law-dominated IMBH model. We therefore ex-
amined the 2-10keV data for each ULX by fitting both
power-law and broken power-law models, and looking
for a significant improvement between the two fits. This
approach was vindicated by demonstrating that those
sources best fit by the alternate model showed strong cur-
vature (> 4o improvements in the broken power-law fit
over the power-law fit, according to the F-test). Of the
ambiguous sources, 3/6 also showed some evidence for
curvature (> 2o significance) as, rather surprisingly, did
two of the IMBH model sources. Hence we find at least
marginal evidence for 2-10keV curvature in > 50% of
our spectra.

The above results suggests that the alternate model is at
least a viable description of the spectrum of more than
half of our sample. Hence we are once again faced with
the problem of the dominant soft power-law. However, as
there is no strong physical motivation for using a power-
law to describe the soft excess apparent in these sources,
we decided to test substituting another component, with
the constraint that it should have morphological similar-
ities to an absorbed power-law. We therefore attempted
fits using a classical black body to describe the soft ex-
cess, and retained a MCDBB as the harder component
(we describe this as a “dual thermal” model). We found
this to be the most successful empirical description of the
data, producing good fits to 10/13 ULXs, with typical pa-
rameters of kTgg ~ 0.25 keV and kT, ~ 1 — 2 keV.
We speculate that this could describe the spectrum of the
accretion disc around a stellar-mass black hole, with a re-
lated optically-thick outflow (or “black hole wind”, c.f.
King & Pounds 2003) producing the soft excess.

We demonstrate one interesting implication of these fits
in Fig. 1. We essentially re-plot the results of Miller et al.
(2004b) as elliptical regions in kTi, — Lx space, repre-
senting the high-luminosity, low temperature IMBH can-
didate discs in the top left-hand corner, and the lower lu-
minosity, warm discs of stellar-mass black holes in our
own Galaxy in the bottom-right. In the left panel we
demonstrate that when we model our sample of ULXs as
IMBHSs, we reproduce the results of Miller et al. (2004b),
that is that the IMBH candidates sit in a separate part of
kT, — Lx parameter space from stellar-mass black holes.
However, the right panel demonstrates that when we use
the (more successful) dual-thermal model, the ULXs ap-
pear to sit in a direct, high luminosity continuation of the
stellar-mass black hole relationship (broadly Lx oc T* as
the accretion rate increases, as expected for standard ac-
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Figure 1. The relationship between accretion disc luminosity and temperature, calculated and displayed as per Miller
et al. (2004b). The ellipses represent the regions in which the IMBH candidates (top left) and stellar-mass black holes
(bottom right) lay in Figs. 1 & 2 of that paper. Left panel: We overlay data points from our IMBH fits (note that we only
show 6 of 8 points; of the missing pair, one had a lower temperature [~ 80 eV] whilst the other had a temperature that
was unconstrained). Right panel: The data points from our dual thermal model overlayed (in this case one disc was too

hot to appear within the plotted range).

cretion discs). This evidence shows that, at the very least,
the mass of the underlying black hole inferred from em-
pirical spectral fitting of ULXs appears very dependent
on the choice of model.

2.2. Physical spectral models

We next investigated the origin of the possible 2-10 keV
curvature using more physically-motivated models. The
“slim disc” model of an accretion disc (e.g. Watarai et al.
2001; xspPeC parameterisation courtesy K. Ebisawa) was
only successful in fitting our spectra in 3/13 cases. In-
stead, we found a physically self-consistent accretion disc
plus Comptonised corona model, using a di skpn +
eqpai r model in xspec (Gierlifski et al. 2001, Coppi
2000), gave good fits to 11/13 sources (plus a further
source that was only marginally rejected at the 95% cri-
terion). All the fits display a cool disc component, with
temperatures ~ 0.1 —0.3 keV, as would be expected from
IMBHs. However, the majority of these fits also show a
second remarkable characteristic; the spectral curvature
present in many sources originates in a coronal compo-
nent that is optically thick, with typical optical depths of
T ~ 10 — 40. This is very puzzling, because if ULXs
are to be understood as direct higher-mass analogies of
high-state BHXRBs, then their coronae should presum-
ably be similarly optically thin (= < 1). This only occurs
in two of our sources, leaving this pair as the best accret-
ing IMBH candidate ULXs within our sample. For the
remaining ULXs, that possess apparent optically-thick
coronae, it is evident that they are not simple scaled-up

Galactic BHXRBs in a classic high/soft state, and we may
perhaps need new insight to explain their spectra.

3. HOLMBERG Il X-1

This source is regarded as the archetypal luminous (Lx >
109 erg s—1) nearby ULX, and has been widely studied
both in X-rays (e.g. Dewangan et al. 2004) and over com-
plementary wavebands (e.g. Kaaret, Ward & Zezas 2004;
Miller, Mushotzky & Neff 2005). We were awarded a
100-ks observation of this source in XMM-Newton AO-3,
the results of which we summarise here (see also Goad et
al. 2005).

3.1. Spectra

Though more than 60% of this observation was lost to
space weather, we were still able to extract the first rea-
sonable signal-to-noise RGS spectrum of an ULX. This
showed a smooth continuum shape, modelled simply as
an absorbed power-law continuum (Ng ~ 2 x 102
cm~2, T ~ 2.6) with the exception of an excess of counts
slightly above 0.5 keV (see Fig. 1 of Goad et al. 2005).
This could be fit by an O VII triplet, but a much better
solution was found by allowing the abundance of the ab-
sorbing material to drop to ~ 0.6 of the solar value.

Interestingly, this result strongly affects the EPIC data
modelling. In particular, using a 0.6-solar abundance
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TBABS model in XsPeC (and interstellar abundances set
to the values of Wilms, Allen & McCray 2000) greatly
reduces the size of the apparent soft excess, and so the
mass of the BH estimated from the IMBH model is re-
duced to ~ 33% of its value assuming a solar abundance
absorber. However, the best fit to the data was again
found to be the physically self-consistent accretion disc
+ corona model, with kT, ~ 0.2keVand 7 ~ 4 —9 (i.e.
a cool disc and optically thick corona). The EPIC spectral
data, with this best-fit model, are shown in Fig. 2. Note
there is no detection of an Fe Ka line in this dataset; for-
mally, we place a 90% upper limit of 25 eV on the equiv-
alent width of a narrow 6.4 keV Fe Ka feature.

3.2. Timing

The EPIC timing data showed Ho 11 X-1 to be remark-
ably invariant during the observation. A power spectral
density (PSD) analysis was performed, finding that no
power was evident (above the Poisson noise level) in the
~ 10~* — 6 Hz range (see Fig. 2). This likely rules out
Ho Il X-1 being in a high/soft state, as a comparison to
Galactic black holes and AGN shows they generally have
a red noise spectrum with measureable RMS variability
in this statel. It does not rule out a state with a band-
limited PSD, such as occurs in the low/hard or some very
high states. However, the strong limits placed by the non-
detection of power in the observed frequency interval im-
plies any power must be present at higher frequencies.
Assuming that BH timing properties scale linearly with
mass (e.g. Uttley et al. 2002), we can place an upper limit
on the mass of Ho Il X-1 of 100 Mg, if it is in the low or

1We note that dilution by photons from the accretion disc should
not be a problem for Ho Il X-1 if it contains an IMBH, as the 0.3—
6 keV band we derive the PSD from is dominated by the putative coro-
nal component. However, it has been brought to our attention that there
may be a dimunition of intrinsic variability in the coronae of high/soft
state sources at the highest luminosities (J. Homan, priv. comm.), which
merits further quantification.

certain very high states. Encouragingly, GRS 1915+105
shows very similar variability characteristics in its “y-
class” of behaviour, which is thought to occur whilst it
is in the very high state.

4. RADICAL SOLUTIONS

Whilst it is evident from this work that optically-thick
coronae may be common in ULXs, what is their ori-
gin? One possible explanation is offered by the model
of Zhang et al. (2000), that explains accretion discs as
a two-layer system, with a cool (0.2 — 0.5 keV) interior
seeding a warm, optically thick (1 — 1.5 keV, 7 ~ 10)
Comptonising upper disc layer. This model therefore of-
fers an explanation for both spectral components seen in
our modelling. Crucially, it has also successfully been
used to describe the X-ray spectrum of GRS 1915+105.
We therefore speculate that our spectral modelling, con-
sidered along with the mass limit from Ho Il X-1, argues
that Ho Il X-1 and many other ULXs may be analogues
of GRS 1915+105. Whilst ULXs may still possess larger
BH masses than GRS1915+105 (i.e. 20 - 100 Mg, so
still technically IMBHSs), we suggest they are operating
in similar accretion states, with a key link being that the
accretion is persistently at around the Eddington limit.

Obviously, we cannot rule out cool discs being the signa-
ture of a larger, ~ 1000 Mg IMBH. Indeed, a weakness
of the above model is how we manage to see photons
from the inner disc layer through an optically thick ex-
terior. However, we note there are also weaknesses with
a literal interpretation of cool disc parameters, most no-
tably in the case of PG quasars. Similar soft spectral com-
ponents - also modelled as cool discs - are seen in PG
quasars, where their temperature has been shown to be
completely independent of the mass of the BH (Gierlifski
& Done 2004). This implies a radically different origin
for the soft excesses in PG quasars - and, by extension,
ULXs - such as in an outflow (as suggested in our dual-



thermal model), or perhaps even as atomic features on the
accretion disc spectrum.

5. CONCLUDING COMMENTS

If ULXs do contain ~ 1000 Mg IMBHSs, as suggested
by empirical modelling of their spectra, then one might
reasonably assume from their luminosities that they are
accreting at ~ 10% of the Eddington rate, and so should
behave like scaled-up versions of BHXRBSs in the high-
state. The detection of spectral curvature in the 2-10keV
range in the majority of our sample of ULXs, that can
be physically modelled as a cool, optically-thick corona,
argues that something different is happening in many
ULXs. One explanation could be that these ULXs are
operating in a fashion similar to GRS 1915+105, as sug-
gested by the timing results for Ho Il X-1, in which case
the ULXs might harbour black holes not much more mas-
sive than in Galactic BHXRBs. This would bring X-ray
spectral results more into line with other arguments on
ULXs that suggest that the majority of sources do not
contain IMBHSs. For example, King (2004) argues that
the sheer numbers of ULXs in the most extreme star-
forming environments makes it very unlikely that they
can all contain IMBHSs, and the modelling of Rappaport,
Podsiadlowski & Pfahl (2005) demonstrates many or-
dinary high-mass BHXRBs (that one would expect to
find in these environments) have a mass transfer rate that
is substantially super-Eddington, providing an adequate
reservoir of fuel for ULXs. Not least, it would agree with
observations of accreting sources in our own Galaxy that
show many - most notably GRS 1915+105 - do experi-
ence episodes of radiating at a super-Eddington level (cf..
McClintock & Remillard 2005).

However, we certainly cannot exclude ULXs from con-
taining ~ 1000 Mg, IMBHs at the current point in time,
and indeed two of the sources in our sample do appear
consistent with this interpretation. Ultimately it may
prove that the only measurement that can resolve the de-
bate on the underlying nature of ULXs will be a dynami-
cal mass limit for the black hole from its orbital motion,
as is the case for Galactic BHXRBs. Until then, more
and deeper X-ray observations are required to advance
our knowledge of these extraordinary X-ray sources.
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ABSTRACT

Using the ASCA, XMM-Newton, and Chandra data,
luminosity-dependent spectral changes of the ultra-
luminous X-ray source (ULX) M 81 X-9 were stud-
ied. When the luminosity was below a threshold of
~1.5x10% erg s71, the source consistently exhibited
power-law spectra. In contrast, the spectra at higher lu-
minosities were more convex, favoring a multi-color-disk
modeling. A p-free disk model with p ~ 0.6 gave a
still better fit to the high-luminosity spectra of M81 X-
9, suggesting the presence of a slim disk. Another ULX,
NGC 1313 Source B, also showed a similar luminosity-
dependent spectral change. These results agree with the
ASCA report on the two ULXs in IC 342 (Kubota et al.,
2001).

Key words: galaxies: individual (M 81 / NGC 1313) ;
X-rays: galaxies.

1. INTRODUCTION

Ultra-luminous compact X-ray sources (ULXs) are point-
like off-center X-ray sources in nearby galaxies, with
their luminosity reaching 103?=4% erg s~1. Since their lu-
minosity largely exceeds the Eddington limit of a neutron
star, ULXs are important and interesting objects as possi-
ble candidates for intermediate-mass black holes (Colbert
& Mushotzky, 1999, Makishima et al., 2000).

Detailed spectral study of ULXs have become possible
since the ASCA era. Spectra of about 10 ULXs obtained
with ASCA were mostly described successfully by multi-
color disk (MCD) blackbody model from a standard ac-
cretion disk, and others by power-law (PL) model (Mak-
ishima et al., 2000, Mizuno et al., 2001). Moreover, two
ULXs in IC 342 showed spectral transitions between the

(b) Source 2
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2000 "%y,

Photons/s/cm’7keV

1 2 3 5 10 1 2 3 5 10
Energy (keV) Energy (keV)

Figure 1. The ASCA spectra of IC 342 Source 1 (panel
a) and Source 2 (panel b) obtained in two observations.

The detector response and absorption are removed. From
Kubota et al. (2001)

MCD-type and PL-type states (Kubota et al., 2001), as
clearly seen in figure 1.

Recently, XMM-Newton and Chandra are providing us
with a much large sample of ULXs. In contract to the
ASCA results, spectra of most ULXs obtained with these
satellites prefer the PL model to the MCD model (e.g.,
Roberts et al., 2004, Swartz et al., 2004), and there is ev-
idence for very cool disks in several ULXs (Miller et al.,
2003, 2004). There seems to be a systematic difference
between the ASCA results and those from XMM-Newton
and Chandra. In order to examine this issue, we analyzed
archival data of two luminous nearby ULXs which have
been observed repeatedly, namely, M81 X-9 and NGC
1313 Source B.

2. SPECTRAL ANALYSIS OF M 81 X-9

2.1. Observation and Data Reduction

As a typical ULX observed repeatedly over a decade
since ASCA, we have selected M 81 X-9 ULX, located in
a dwarf galaxy Holmberg IX in the M 81 group. Because



Table 1. A summary of observations and spectral studies of M 81 X-9.

Observation date L x*/d.of(PL) x?/d.0o.f(MCD) Preferred model parameter***

ASCA* 1993-1998(average) 1.4 66/72 486.3/72 PL 1.5840.03

1999-04 1.9 486.5/318 359.3/318 MCD 1.2440.03 keV

XMM-Newton 2001-04-22 2.1 508.7/324 392.0/324 MCD 1.364+0.03 keV
2002-04-10 1.1 663.3/644 1178.5/644 PL 1.77+0.03
2002-04-16 1.3 739.5/747 1262.4/747 PL 1.82+0.03
Chandra 2002-12-28 1.1 236.3/225 447.8/225 PL 1.634+0.04
2003-06-09 1.3 254.4/240 396/240 PL 1.82+0.04
2003-09-03 0.9 268.0/200 430.0/200 PL 1.6240.06

* From Ezoe et al. (2001), La Parola et al. (2001), and Wang (2002).
** The X-ray luminosity (0.5-10 keV) in units of 10%? erg s~!, assuming a distance of 3.6 Mpc.
*** The MCD T;, or the PL photon index, whichever is preferred.

of the explosion of SN 1993J, this object was observed 19
times with ASCA over 1993-1998, and the spectra from
these observations were successfully described by the PL
model with photon index of 1.58 (Ezoe et al., 2001).
However, La Parola et al. (2001) and Wang (2002) re-
ported from the observation on April 1999 that it became
more luminous, and its spectrum turned into the MCD
type with the innermost disk temperature of 73, = 1.24
keV.

Observations of this object have been repeated also with
XMM-Newton and Chandra, and 3 observation data with
the EPIC onboard XMM-Newton and 5 data with the
ACIS onboard Chandra are archival by August 2005. Al-
though the two XMM-Newton datasets acquired in 2002
were already analyzed by Miller et al. (2004) and the
three Chandra data from December 2002 to Septem-
ber 2003 by Unks et al. (2003), here we re-analyzed
these data by ourselves. We did not utilize two Chan-
dra datasets obtained in 2004, because they suffered from
significant (> 10 %) pile up. Table 1 summarizes the
datasets employed in the present work.

We extracted spectra from each observation using the
data reduction software SAS version 6.5.0 for XMM-
Newton and CIAO version 3.2.2 for Chandra. Back-
ground data were extracted from regions neighboring to
the source. For the 2001 April 21 observations with
XMM-Newton, we used only the MOS1 data because the
fields of view of PN and MOS2 did not fully cover the
source region, which is located about 13 arcminutes off
the telescope aim-points.

2.2. Spectral Properties

We fitted each spectrum of M 81 X-9 by PL (powerlaw)
or MCD (diskbb) models using the software XSPEC ver-
sion 11.0.2. Table 1 summarizes the luminosity, the fit
goodness of the two models, and the parameter of the
more favored model. Figure 3 shows Ax? as a function
of luminosity. Here, AXQ was calculated as a difference

ASCA
XMM-Newton I
Chandra &

Delta chi-square

-400

-600

. . .
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Figure 3. The difference in the fit goodness between the
MCD and PL models, namely Ax? = x%; — X3rop»
plotted as a function of the 0.5-10 keV luminosity. Cir-
cles, squares, and triangles stand for ASCA, XMM-
Newton, and Chandra, respectively.

between the x? by the PL model and that by the MCD
model; positive values mean an MCD-preferred spec-
trum and negative values a PL-preferred one. As was the
case with ASCA, the most luminous XMM-Newton data
showed an MCD-like spectrum, and the fainter two PL-
type spectra. In the three Chandra observations, the ob-
ject was rather dim, and the spectrum was PL-like. Thus,
the three satellites give consistent results in that the spec-
trum becomes MCD-like when the source is luminous,
while it becomes PL-like when the luminosity is low, with

the threshold luminosity at about 1.5 x 1040 erg s—1.

In figure 2, we show two typical spectra acquired on the
brighter (2.1 x 10%? erg s~!) and the fainter (1.1 x 10%°
erg s—1) occasions. Thus, the brighter spectrum clearly
exhibits a convex shape, in contrast to the fainter one
which is much more straight in shape. Our results on the
fainter spectrum roughly agree with the results by Miller
et al. (2004).

In order to more directly visualize the difference between
the two spectra, we show in figure 4 (left) their spectral
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Figure 2. The left panel shows the XMM-Newton MOSI spectrum of M 81 X-9 on the brighter occasion (2001-04-22),
with the solid line describing the best-fit MCD model. The right panel shows the MOS1 (black), MOS?2 (light gray), and
PN (dark gray) spectra on the fainter occasion (2002-04-10), with the solid lines describing the best-fit PL model. The
middle and bottom panels show the fit residuals from the PL and MCD model fits, respectively.
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Figure 5. The same spectrum as the left panel of figure 2,
but fitted with a p-free disk model.

ratios. Thus, the two spectra have very different shapes,
in agreement with the model fitting results. Finally, in or-
der to understand the actual shape of the two spectra, we
show them in figure 4 (right) with the detector response
removed. As expected from the ratio, the spectrum be-
comes clearly curved as the luminosity increases. This
behavior is essentially the same as the ASCA results on
the ULXs in IC 342 (Kubota et al., 2001), which are re-
produced here as figure 1.

2.3. A p-free Disk Model Fit

Although the spectrum of M 81 X-9 on the brighter occa-
sion preferred the MCD model as shown in the previous
sub-section, the fit is not yet fully acceptable.Actually in
figure 2, the spectrum is slightly deviated in shape from
the MCD model. Therefore, we may modify the MCD
model to achieve a better fit. The simplest modification
may be so-called p-free disk model (e.g., Mineshige et al.,
2000, and Watarai et al., 2001). The model assumes that
the disk temperature scales as r P, where r is the radius
and p is a free parameter, whereas p = 0.75 implies the
MCD model. The p-free disk model gives a good ap-
proximation to a slim disk (Watarai et al., 2001), which
is expected to form under very high accretion rates. As
the standard disk gradually changes into a slim disk, the
value of p is predicted to start decreasing from 0.75, and
finally approaches 0.5. When p gets smaller, the soft en-
ergy part of the spectrum becomes more enhanced.

In figure 5, We actually fitted the brighter EPIC spectrum
by the p-free disk model. Comparing the fit residual with
that in figure 2 left (x2 = 1.21), the fit has been signifi-
cantly improved and has become acceptable (y2 = 0.98).
The best-fit model parameters are 73, = 1.77 +0.12keV
and p = 0.60 £ 0.02. Since the value of p is signifi-
cant smaller than 0.75 of the MCD model, the MCD-type
spectrum may be in fact emitted by a slim disk around
the central object (most likely an intermediate-mass black
hole), instead of a standard disk. Further details will be
reported elsewhere (Tsunoda et al., in preparation).
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Figure 6. The same as figure 3, but for NGC 1313 Source
B.

3. SPECTRAL ANALYSIS FOR NGC 1313
SOURCE B

As another target for our spectral analysis, we have se-
lected NGC 1313 Source B, which is also a typical ULX
observed repeatedly for a decade. Two observations were
performed with ASCA, and both spectra were described
successfully by the MCD model, when the 0.5-10 keV
source luminosity was 9.4x 103 and 3.6x 1039 erg s~!
at an assumed distance of 4.5 Mpc (Makishima et al.
2000, Mizuno et al. 2001). By August 2005, 9 XMM-
Newton EPIC datasets and 5 Chandra ACIS data sets of
this object became publicly available. We did not utilize
two XMM-Newton datasets (2005 December 9 and 27)
because they suffered from high background over the ob-
servations, and two Chandra datasets (2002 November 9
and 2004 February 22) suffering from significant pile up.
Although some of these observations were reported by
Miller et al. (2003), Wang et al. (2004), Zampieri et al.
(2004), and Turolla et al. (2005), we re-analyzed these
datasets by ourselves in order to study the luminosity-
dependent spectral changes in a unified way.

As summarized in table 2, the luminosity of this object
through the XMM-Newton and Chandra observations var-
ied between 2.2x 103% and 9.8 x 103 erg s—!. In figure 6,
we show Ax? calculated in the same way as in figure 3.
Although the results are not as clear as those for M81
X-9, we can see a tendency that the spectrum changes
into MCD-like as luminosity increases. Among them, we
have selected the 2003 December 21 data (8.4 x 103 erg
s~1) and the 2000 October 17 data (2.2x 10" erg s™1),
both with EPIC MOSI1, as representing relatively brighter
and fainter states, respectively. Other datasets had poorer
statistics. Like in the case of M81 X-9, figure 7 (left)
compares the two spectra in the form of spectral ratios,
whereas figure 7 (right) in the response-removed repre-
sentations. We can see that the spectrum becomes again
curved as the luminosity increases. These results are sim-
ilar to those of M 81 X-9.



Table 2. The same as table 1, but for NGC 1313 Source B.

Observation date  L:*  x%/d.o.f(PL) x?/d.0.f(MCD) Preferred model parameter***

ASCA* 1993-07-12 94  174.2/130 124.5/130  MCD 1.4740.08 keV
1995-11-29 3.6 110.3/74 89.8/74 MCD 1.0740.07 keV

XMM-Newton ~ 2000-10-17 22 195.4/222 373.0/222  PL2.324+0.07
2003-11-25 6.5 53.0/50 42/50 PL 1.90+0.16 or MCD 1.347512 kev
2003-12-21 84  336.0/314 351.7/314  PL 1.7840.05 or MCD 1.62+0.06 keV
2003-12-23 9.8  182.6/179 186.2/179  PL 1.72+0.06 or MCD 1.7240.09 keV
2003-12-25 4.1 70.5/82 91.8/82 PL 2.10+0.13
2004-01-08 2.9 134.2/156 195.0/156  PL 2.39+0.09
2004-01-16 2.4  57.0/67 90.5/67 PL 2.35+0.14

Chandra 2002-10-13 84  204.8/175 171.5/175 ~ MCD 1.6640.07 keV
2003-10-02 2.9 75.6/56 89.6/56 PL 1.9340.14 or MCD 141709 keV
2004-03-10 2.5  41.9/26 36.1/26 PL2.0470-23 or MCD 1.17701S keV

* From Makishima et al. (2000) and Mizuno et al. (2001).

** In units of 103 erg s~

1

, assuming a distance of 4.5 Mpc.

*** Both parameters were shown in case that a preferred model cannot be constrained.
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Figure 7. The same as figure 4, but for NGC 1313 Source B.



4. CONCLUSION

In order to investigate spectral properties and in partic-
ular search for spectral transitions, we analyzed XMM-
Newton and Chandra archival data of two typical ULXSs,
M 81 X-9 and NGC 1313 Source B. Spectra of the two
ULXs showed consistent luminosity-dependent changes
through the three satellites including ASCA. That is,
the spectrum exhibited a transition from PL-type ones
to MCD-type ones, as the source luminosity increased
across a certain threshold. Such a spectral transition
is reminiscent of those observed with ASCA from two
ULXs in IC 342. This means that the same spectral tran-
sition has been confirmed from four ULXSs in total. As
to M 81 X-9, a p-free disk model significantly improved
the fit to the high-luminosity spectrum, and the obtained
value of p was smaller, 0.60+0.02, than that of the MCD
model. This object possibly forms a slim disk when lu-
minosity becomes higher than ~1.5x10% erg s~1. We
therefore conclude that the XMM-Newton and Chandra
data are consistent with the original ASCA results, at least
as to those four luminous ULXs.
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ABSTRACT

We present the results of an optical search for Supernova
Remnants (SNRs) in the spiral galaxies NGC6946 and
NGC628. The SNR identification technique consisted
of constructing continuum-subtracted H, and [SII] AA
6716,6731 images and then using [SII] / H, ratios ob-
tained from the image. 32 emission nebulae have been
detected as SNR candidates in NGC6946. 22 of them
were previously identified by Matonick et al (1997). We
found five SNR candidates in the spiral galaxy NGC628.
We will compare and contrast the new SNR candidates
and our optical data with the existing Chandra and XMM
observation of the two galaxies of interest and VLA radio
observation of NGC6946. Interference-filter CCD im-
ages of two spiral galaxies were taken in 2004 September
with the /7.7 1.5 m Russian-Turkish Telescope at Turk-
ish National Observatory.

Key words: SNR;Optical Observation.

1. INTRODUCTION

Supernova remnants are important probes of the interstel-
lar medium. Although the sample of Galactic remnants is
large it is plagued by interstellar extinction and uncertain
distances. These problems are much less in extragalactic
samples.A number of spiral galaxies have had SNRs cat-
aloged for them but the overall remains small (DOdorico,
Dopita & Benvetui 1980, Magnier et al.1995). SNR sur-
veys have been carried out at optical , radio and X-ray
wavelengths (Pannuti at al. 2002,Blair & Long 2004).

2. SNRIDENTIFICATION TECHNIQUE

In this work, we use [SII] / H,, ratio to carry out or
search for SNRs in NGC6946 and NGC628 (Mathew-
son & Clarke (1973a)). Basic reduction of our im-

Table 1. NGC 6946 New Supernova Remnant Candidates

SNRNO RA (J2000) DEC (J2000) [[SI]J/H
TUG1  20:3447.4  60.08:20.8 0.57
TUG2  20:34:45.1  60:11:52.1 0.58
TUG3  20:35:12.9  60:09:09.5 0.86
TUG4  20:34:545  60:09:08.6 0.62
TUG5  20:35:023  60:10:58.1 0.56
TUG6  20:34:51.6  60:10:30.4 0.67
TUG7  20:35:13.0  60:08:58.7 0.95
TUGS8  20:34:242  60:07:22.3 0.83
TUGY9  20:34:52.9  60:05:30.4 0.60
TUG10  20:34:146.9  60:07:29.7 0.67

ages was accomplished using MIDAS.The twelve expo-
sures for H, and [SII] and three continuum exposures
of each field were combined to obtain a deeper field
image and increase S/N for faintest objects. Prelimi-
nary SNR candidates were found by blinking between
continuum-subtracted [SII] and H, images. If objects
were almost as bright, in [SII] as in H, they were con-
sidered as possible SNR candidates. 32 SNR candidates
for NGC6946, (22 of them were identified previously by
Matonick et al.1997, hereafter MF97), and 5 SNR can-
didates for NGC628 were identified. (Figl and Fig2).
These are the objects that had count rate ratio in the final
analysis in excess of the [SII]/H,, > 0.45. The list of new
SNR candidates in NGC6946 and NGC628 are given in
Table 1 and Table 2 respectively.

3. COMPARISON OF MULTIWAVELENGHT
OBSERVATIONS

NGC6946 was observed by the ACIS instrument on
board Chandra X - Ray Observatory (Holt et al., 2003).
The authors detect 72 point sources with luminosities



Table 2. NGC 628 Supernova Remnant Candidates

SNRNO RA (J2000) DEC (J2000) [[SH]J/H

1 1:36:39.8  15:49:07.3 0.88
2 1:36:39.3  15:45:49.6 0.92
3 1:36:47.0  15:45:13.2 0.92
4 1:36:45.5 15:43:06.2 0.73
5 1:36:49.1  15:43:34.2 0.95

Figure 1. [SI1]-continuum image of NGC6946 with SNRs

Figure 3. H, image of NGC6946 with Chandra X-ray
point sources. Dashed lines indicate SNR candidates and
filled circles indicate X-ray sources

greater than 7 x 1036 (d5.9 Mpc)? ergs—'. We have
taken these 72 X - ray sources and projected onto con-
tinuum subtracted H,, image of NGC6946. It is shown in
Figure3. We have not found any positional coincidence
with the X-ray point sources within 2" errors radius of
our SNR candidates except for the one previously iden-
tified by MF97. NGC6946 was also observed with the
Very Large Array (Lacey et al., 1997). The authors detect
118 radio sources. 37 of the candidate sources have been
identified as possible SNR or background object. Except
one previously identified by MF97 any positional coin-
cidence have not been recovered within 5” error radius
between optically identified SNRs and radio sources de-
fined as possible SNRs. NGC628 was observed by XMM
- Newton in January 2003. Soria et al. (2004) detect 77
point sources with luminosities 2 x 1037 ergs—t. There is
no match with five optically identified possible SNR can-
didates in NGC628. Six historical supernovae have been
detected in NGC6946. Only five of these were in the field
of our NGC6946 image. We were able to identify optical
counterpart for only one (SN1917A) of the five historical
supernovae that have occurred in NGC6946. SN 1917A
has positional coincidence with one of our SNR (TUG10)
candidates. NGC628 was observed by XMM - Newton (
Soria et al., 2004). There is no match with five optically
identified possible SNR candidates in NGC628.

4. CONCLUSION

We have performed an optical search for SNRs in two spi-
ral galaxies. The technique consist of imaging the galax-
ies using narrow H, and [SII] filters and find emission
nebulae with [SII]/ H, > 0.45 to identify SNRs. We
have detected 10 new SNR candidates in NGC 6946 and 5
other new ones in NGC628. We also have scheduled ob-
servations at TUG to obtain spectra of some of the refer-
ence stars in the fields in order to calibrate the flux ratio of
the H,, and [SII] emission lines; the work is in progress.
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ABSTRACT

NGC 253 is an edge-on starburst galaxy in the Sculp-
tor group. Observations in X-rays by ROSAT, XMM-
Newton and Chandra show a mixture of extended and
point source emission in disk and halo (Pietsch et al.,
2000, 2001; Strickland et al., 2000; Vogler & Pietsch,
1999). Especially interesting is the connection between
the starburst driven outflow from the nuclear region into
the halo of the galaxy (plume). We analyzed XMM-
Newton data, taken with the Reflection Grating Spec-
trometer (RGS) in 2000 and 2003 with a total low back-
ground exposure time of 127.8 ks. We extracted spec-
tra of the outflow for different regions. Depending on
the distance to the center along the south-east semi mi-
nor axis of NGC 253, the spectra show many individ-
ual emission lines with varying intensity. We used line
ratios to characterize the temperature and the ionization
mechanism in these regions. Furthermore we extracted
narrow-band RGS images to map the spatial origin of the
different emission lines.

Key words: X-rays: galaxies; Galaxies: individual:
NGC 253; Galaxies: spiral; Galaxies: starburst; inter-
stellar medium: jets and outflows.

1. INTRODUCTION AND OBSERVATIONS

The edge-on (i = 86°) galaxy NGC 253 is one of the best
nearby (2.58 Mpc) examples of a nuclear starburst galaxy.
Itis well studied in many wavelength regimes. Especially
important for sensitive soft X-ray observations is the very
low galactic foreground absorption (Ny = 1.3 x 10%°
cm~2) towards NGC 253 making it a perfect object to
study the interaction of the starburst nucleus with the
halo.

The nuclear region of NGC 253 was observed with
XMM-Newton RGS in 2000 and 2003 with a total low

background exposure time of 127.8 ks. The brightest re-
gions in X-rays are the nuclear starburst region and ema-
nating from that, a hollow cone shaped structure (plume)
along the south-east minor axis which can be seen as ex-
tended bright soft X-ray emission in EPIC PN images.
It has been interpreted as an outflow of hot interstellar
medium from the starburst nucleus into the halo of the
galaxy. Barely visible is an outflow to the north-west, due
to high absorption of the intervening NGC 253 disk. The
observation geometry led to a RGS dispersion direction
that was approximately aligned to the NGC 253 major
axis.

2. RESULTS

We extracted high resolution RGS spectra from several
regions along the plume of NGC 253. As the galaxy
covers the whole RGS detector CCDs, we used the new
Science Analysis Software (SAS) task r gsbkgnodel

to obtain a background spectrum which is not contami-
nated by emission of the galaxy. The resulting spectra
are shown in Fig. 1. The extraction regions have a width
of 0.5” in the cross dispersion direction and lie parallel
to the major axis of the galaxy. We were able to identify
many individual emission lines. In region SE 3 however,
located farthest from the center, the S/N level is too low
to draw reliable conclusions. Region NW is strongly af-
fected by absorption from the disk of NGC 253. The line
strength of individual lines changes with distance from
the center of the galaxy, i.e. along the outflow. Lines at
the shortest wavelengths vanish first from the spectra. Ex-
cept for the iron lines in the center region the oxygen lines
are the strongest lines in all spectra.

We used line ratios from different elements, most of them
in their highest ionization state to derive temperatures for
the different extraction regions. In contrast to the usual
spectral fits we get temperatures free of abundance bias
with small errors. The obtained temperatures range from
0.17 t0 0.77 keV along the outflow (see Table 1). We did



Table 1. Temperatures of the plasma for different regions
of the outflow of NGC 253 derived from line ratios of dif-
ferent elements. For region SE 3 no temperatures could
be derived as the lines are too weak.

Region Temperature in keV

Si Mg Ne O
NW 0.404+0.04 0.26+0.06 0.174+0.02
Center  0.77£0.10 0.48+0.04 0.31+0.05 0.234+0.03
SE1l 0.404+0.05 0.23+0.02 0.24+0.03
SE2 0.224-0.05 0.21+0.02

not include the temperatures derived from Fe XVII in Ta-
ble 1 as they show errors in the order of 100 %. The broad
range of temperatures may be caused by plasma which is
not in equilibrium and/or reflects distributions of temper-
atures in the extraction regions. Narrowband RGS images
can help to resolve this issue. Fig. 2 shows a selection of
images in the Fe XVII and O VIII lines. A comparison
of emission of Fe XVII at ~ 15 A (2p-3d) and at ~ 17 A
(2p-3s), for example, shows that the emission originates
to a certain degree from different regions. In the tempera-
ture calculation we assume that the lines emerge from the
same region of space. If this is not the case the derived
results are wrong. This may be the case for Fe XVII and
therefore we obtained the large errors.

The diagnostic lines of Fe XVII are commonly used to
derive the ionizing mechanism in plasmas. In the center
region of NGC 253 as well as in the regions NW and
SE 2 the line strenghts indicate a predominantly colli-
sional ionized plasma. Region SE 1 however shows an
inverted line ratio. Here the lines at 17 A are stronger than
the lines at 15 A. Collisions between electrons and ions
seem to be of less importance. This is not expected for an
outflow where the X-ray emission is created at the border
of the outflow, the region where the ejected gas collides
with the surrounding interstellar material. It could be
well possible that the strong 2p-3s emission is created in
a photoionized region outside of the outflow. A possible
region can be seen in Fig. 2 in the Fe XVIl image at 17 A,
0.7’ south of the galactic center. The very bright source
coincides with source X33 from Pietsch et al. (2001).
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Figure 1. RGS spectra of NGC 253 extracted from differ-
ent regions along the outflow. The label gives the position
of the extraction region along the minor axis relative to
the center of the galaxy in arcmin.
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Figure 2. RGS images of NGC 253 in different lines.
The RGS data allows to filter for very narrow wavelength
bands. Shown here are images in the O VIII and Fe XVII
lines. The strong O VIII emission nicely traces the out-
flow region. The horizontal white line marks the position
of the disk of NGC 253. The vertical white line is the
direction of the minor axis, i.e. along the outflow.



X-RAY PROPERTIESOF THE POINT SOURCESDETECTED INSIDE THE GALAXY NGC 300

S. Carpanot, J. Wilms?, M. Schirmer?, and E. Kendziorra!

nstitut fir Astronomie und Astrophysik, Universitat Tilgien, Germany
2Department of Physics, University of Warwick, Coventry, UK
3lsaac Newton Group, Santa Cruz de La Palma, Spain

ABSTRACT

We present properties of the X-ray point sources detected
in the nearby spiral galaxy NGC 300. The galaxy was ob-
served withXMM-Newton in 2000 Decemb¢2001 Jan-
uary for a total of 66 ksec. A total of 163 sources were
detected in the energy range of 0.3-6keV, 86 sources of
which are within theD,5 optical disk. We report on the

maximum likelihood approach of thedetect_chain
task.

After removing sources associated with the galaxy cluster
CL 0053-37, a total of 163 sources were found above a
maximum likelihood threshold of 10 in the 0.3—6.0keV
band, 86 sources of which are within thes optical disk.

global properties of these sources, such as their hardness3  coL ORS

ratio and X-ray fluxes. We combine this information with
the optical counterparts found in B, V, and R images from
the 2.2m MP@ESO telescope and we cross-correlate the
X-ray sources found inside the disk with SIMBAD, the
USNO-A2.0 catalog, and radio catalogues. A full de-
scription of our results can be found in Carpano et al.
(2005).

Key words: Galaxies: individual: NGC 300 — X-rays:
galaxies.

1. INTRODUCTION

NGC 300 is a normal dwarf galaxy of type SA(s)d be-
longing to the Sculptor galaxy group. Due to its small dis-
tance ¢1.88 Mpc; Gieren et al., 2005), its low Galactic
column density Kl = 3.6 x 10?°cm~2; Dickey & Lock-
man, 1990) and its face-on orientation, this galaxy is an
ideal target for the study of the entire X-ray population of
a typical normal quiescent spiral galaxy. The major axes
of the D5 optical disk are 13.3 kpc and 9.4 kpc (2A5';

de Vaucouleurs et al., 1991).

2. SOURCE CATALOG

NGC 300 has been observed¥¥IM-Newton during or-

bit 192 and orbit 195 for 37 ksec and 47 ksec respectively.
Event and attitude files of each instrument were merged
for both orbits using theerge task. Point source detec-
tion was then performed on the three cameras using the

We define the X-ray colors with:

H-M M-S
H+M+S’ H+M+S

where S, M, and H are the total count rates in the
soft (0.3—1.0keV), medium (1.0-2.0keV), and hard (2.0—
6.0keV) energy bands. Comparing the color-color di-
agram for sources inside tH&ys optical disk and hav-
ing more than 20 net counts with empirical color-color
diagrams (see Carpano et al., 2005), we were able
to characterize the shape of the X-ray spectrum for
each source individually and to estimate source fluxes.
These are between3.5 x 10 ¥ergcn?s™ and~7 x
10%ergcnr?s,

HRhard = and HRoft =

4. OPTICAL COUNTERPARTSAND CATALOGS

In addition to the X-ray data, observations with the
2.2m MPGESO telescope on La Silla were performed.
We searched for all possible optical counterparts in the
merged BVR optical image and then calculated their
fluxes in each of these three optical bands. Results
are tabulated by Carpano et al. (2005). We also cross-
correlated the X-ray sources with SIMBAD, the USNO-
A2.0 catalog, and radio catalogues, finding

e 14 sources already observed in the X-rays,

¢ 9 (suspected) supernova remnants (SNR),

e 11 radio sources (3 associated with SNR, 8 possible
AGN),
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Figure 1. Color-color diagram for sources inside the optical disk. Supernova remnants are labeled with an ‘S, radio
sourceswitha‘R’, H t regionswith an ‘H’, Cepheid stars with a‘C’, association of starswith an ‘A’, starsin NGC 300
with an ‘ST, Wblf-Rayet starswith a ‘“WR' and sources from the USNO catalog with an ‘U’ . Sourceswith log(Fx/Fis) <
—1 (Maccacaro et al., 2005) are labeled with *O'.

e 2 associations of stars, 8 id(ionized) regions, 2
Cepheid variable stars, 3 foreground sfstes's in
NGC 300, 10 USNO-A2.0 counterparts.

region counterparts), and one known SNR (lying in the
LMXB group) has be found to be a non-thermal X-ray
spectrum. One source, having a radio and a bright opti-
cal counterpart, is likely identified as a background AGN.
The brightest source is associated with a Wolf-Rayet star.

5. SOURCE CLASSIFICATION

] ] o REFERENCES
Using the source identification from catalogs, we clas-

sify the sources according to their X-ray colors (Fig. 1).
SSSs are at the very bottom of the color-color diagram
and soft sources are expected to be thermal SNR. SNR
dominated by non-thermal emission (Crab-like objects)
are expected to have harder spectra. Hard sources are
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ABSTRACT

2002) to search for new optical SNRs at the positions of
soft X-ray sources. Drawing together both SNRs with
optical counterparts and SNR candidates lacking optical

We present results of a search for supernova remnants counterparts, we have generated an X-ray luminosity dis-

(SNRs) in archival Chandra images of M33. We have
identified X-ray SNRs by comparing the list of Chandra
X-ray sources in M33 with tabulations of SNR candidates
identified from (1) elevated [S Il]/Halpha ratios in the op-
tical, and (2) radio spectral indices. Of the 98 optically
known SNRs in M33, 22 have been detected & level

in the soft band (0.35-1.1 keV). At least four of these
SNR candidates are spatially extended. We have also
found new optical counterparts to two soft X-ray SNRs
in M33, tentatively increasing the total number of known
optically emitting SNRs in M33 to 100. The total num-
ber of identified SNRs with X-ray counterparts, including
those exclusively detected by the XMM-Newton survey
of M33, is now 37. We find that while there are a similar
number of confirmed X-ray SNRs in M33 and the LMC
with X-ray luminosities in excess of #0ergs s'!, nearly
40% of the LMC SNRs are brighter than®PCergs s'!,
while only 13% of the M33 SNRs exceed this luminos-
ity. The differences in luminosity distributions cannot be
fully explained by uncertainty in spectral model parame-
ters, and is not fully accounted for by abundance differ-
ences between the galaxies.

Key words: galaxies: individual (M33) — galaxies: ISM
— shock waves — supernova remnants.

1. INTRODUCTION

Due to the low inclination<€ 55 degrees) and proximity
(795 kpc) of M33, a detailed study of the the X-ray source
population of this galaxy is particularly rewarding. Here

tribution for the M33 SNRs. Here we present a character-
ization of the X-ray spectral properties of this distrilouti
and compare it to those of the SMC and LMC. A full de-
scription of this work can be found in Ghavamian et al.
(2005).

2. OBSERVATIONS

The Chandra datasets analyzed here were acquired dur-
ing Cycle 1 (ObsID 786 in ACIS-S imaging mode, ObsID
1730 in ACIS-l imaging mode) and Cycle 2 (ObsID 2023
in ACIS-1 imaging mode). The Cycle 1 observations tar-
geted the bright nuclear source of M33, while the Cycle 2
pointing was aimed at NGC 604, the giant starburst H 11
region along the northern spiral arm. Using CIAQ version
3.0.2, we applied the CXC CTI correction to the level 1
event files and screened the data to remove background
flare events and restrict the energy range of the resulting
images to 0.358 keV. The final exposure times for the
ObsID 786, 1730 and 2023 datasets were 46.3 ks, 49.4 ks
and 88.8 ks, respectively.

2.1. X-ray Source Detection

We used the CIAO routine Wavdetect to search for X-
ray sources in th&Chandra data. We optimized our
search for spatially extended X-ray emission from SNRs
by conducting our Wavdetect runs on spatial scales of
05,1 2/, 4", 8, 16’, 32’ and 64. We filtered

we present results of a search for supernova remnants each events file to create images in each of the follow-

(SNRs) in archivaChandra andXMM-Newton images

of this galaxy, utilizing spatial extent and hardness gatio
as discriminants. We compare the list@fandra and
XMM-Newton X-ray sources with narrowband KPNO
Mosaic images from the NOAO archive (Massey et al.

ing bands: 0.351.1 keV (S, or soft), 1.42.6 keV (M,

or medium), 2.6-8.0 keV (H, or hard) and 0.358.0 keV
(broad). The number of unique sources detected in the
broad band images of ObsIDs 786, 1730 and 2023 was
166 (207) at the 3 (20) level. We compared the list of
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Figure 1. Hardness ratios for the 166 sources detected
in the Chandra observations of M33, where S and M are
defined as emission in the 0-35.1 keV and 1.22.6 keV
range, respectively. The hardness ratios of soft Chandra
sources matching the 22 Gordon et al. (1998) SNRs are
shown for comparison (a 23rd source lacking an optical
counterpart but exhibiting soft X-ray emission character-
istic of a SNR is also included).

X-ray sources with the catalogue of M33 SNRs identi-
fied optically by Gordon et al. (1998) by their elevated
[S /H« line ratios ¢ 0.4). We performed the cross-
correlation in two steps. First, we obtained a culled list of
sources in all three bands that matched the coordinates of
Gordon et al. (1998) SNRs to within a generous coinci-
dence radius of 20 Next, we looked for secondary signs
of a match, such as evidence of extended morphology. In
the majority of cases the X-ray emission from SNRs is
dominated by thermal emission (lines + bremsstrahlung
continuum) from shocks in ISM and ejecta material. The
thermal emission is typically soft, peaking below 1 keV.
Therefore, we concentrated our search for SNRs on the
soft band images (0.351.1 keV) of M33.

3. SUPERNOVA REMNANTSDETECTED WITH
CHANDRA AND XMM-NEWTON

Of the detected X-ray sources in the archival data, we
find that 22 match optical SNRs from the optical cata-
logue at> 3o level in the S bandKig. 1). In theirXMM-
Newton survey of M33, Pietsch et al. (2004) found X-
ray counterparts to 13 additional optical SNRs not de-
tected in theChandra observations. These remnants are
either intrinsically too faint to be detected in the given
exposure times, are located too far off thkandra op-

tical axis (rendered undetectable by smearing of the PSF
and/or high detector background), or are located outside
the Chandra field of view. However, theKMM-Newton
survey also identified 13 additional soft X-ray sources
lacking optical counterparts as SNR candidates, based on
their hardness ratios. We were able to identify optical

counterparts to two of these sources in the KPNO Mosaic
images.

Another relationship we can measure from @tgandra
data is the cumulative luminosity distributioiy;(> L),

of the M33 SNRs in the X-rays. We utilized the PIMMS
online tool of the Chandra X-ray Center for the calcu-
lations and assumed a Raymond-Smith modél,=1
keV and 0.2 solar abundances. We fixed the M33 col-
umn to be Ny(M33)=7x10?° cm~2, the best fit value
for the brightest SNR detected in tiandra observa-
tions. We used N(LMC)=N g (SMC)=2x10%" cm~2.
The Galactic column used for all three galaxies was
Ng(Gal)=5x10?° cm~2. The assumed distances to
M33, the LMC and SMC were 795, 50 and 60 kpc, re-
spectively. We find that while there are a similar number
of confirmed X-ray SNRs in M33 and the LMC with X-
ray luminosities in excess of #0ergs s, nearly 40%

of the LMC SNRs are brighter than 4Qergs s!, while
only 13% of the M33 sample exceed this luminosity. In-
cluding X-ray SNR candidates from th&MM-Newton
survey increases the fraction of M33 SNRs brighter than
10%¢ ergs s' to 22%, still only half the LMC frac-
tion. The differences in luminosity distributions cannot
be fully explained by uncertainty in spectral model pa-
rameters, and is not fully accounted for by abundance
differences between the galaxies. An explanation for this
result is a focus of our ongoing investigation.

4. A DEEP CHANDRA SURVEY OF M33

The work outlined here is a prelude to a much more de-
tailed investigation of M33 planned for Cycle 7 Ghan-
dra. Our group (M. Sasaki, P..) has been awarded 1.4 Ms
observing time to perform a survey of the entire galaxy
with < 1” resolution Chandra ACIS-I Survey of M33:
ChASeM33) down to a luminosity of610** ergs s'!

for point sources and #0 ergs s! for diffuse sources.
The rich data set from this survey, together with what
promises to be an iconic image, will be part of the legacy
of Chandra
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ABSTRACT

We report the results of a study of X-ray point sources co-
incident with the High Velocity System (HVS) projected
in from of NGC 1275. A very deep X-ray image of the
core of the Perseus cluster made with the Chandra Ob-
servatory has been used. We find a population of Ultra-
Luminous X-ray sources. As with the the ULX popula-
tions in the Antennae and Cartwheel galaxies, those in
the HVS are associated with a region of very active star
formation. Several sources have possible optical counter-
parts found on HST images, although the brightest one
does not. Absorbed power-law models fit the X-ray spec-
tra, with most having a photon index between 2 and 3.

Key words: Perseus - NGC 1275- ULX.

1. INTRODUCTION

The study of Ultra-Luminous X-ray sources (ULX) has
been greatly expanded by the high spatial resolution and
spectral grasp of the Chandra and XMM-Newton obser-
vatories, respectively. ULX sources (Fabbiano & White
2003; Miller & Colbert 2004) have 2-10 keV X-ray lu-
minosities exceeding 103°ergs~! and they are not ac-
tive galactic nuclei. Their luminosity exceeds that for a
10 M black hole accreting at the Eddington limit which
radiates isotropically and so have created much inter-
est in the possibility that they contain even higher mass
black holes, such as InterMediate Black Holes (IMBH) of
~ 10% Mg (Makishima et al. 2000). Alternatively they
may appear so luminous because of beaming (Reynolds
et al 1999) or due to super Eddington accretion (Begel-
man 2002).

Here we report on the discovery of a population of 8
point X-ray sources to the N of the nucleus of NGC 1275,
which is the central galaxy in the Perseus cluster. A
datailed analysis of the optical counterpart and X-ray
spectral energy distribution have been performed.

*E-mail: omaira@iaa.es

2. IMAGING AND SPECTRAL ANALYSIS

The total exposure time, after removing periods contain-
ing flares, is 890 ks. All of the datasets were repro-
cessed to use the latest appropriate gain file. The CIAO
LC_CLEAN tool was used to remove periods 20 per cent
away from the median count rate for all the lightcurves.
The CIAO CELLDETECT source detection routine was
then used on the reprocessed level 2 event data to pro-
duce a preliminary list of point sources. As the X-ray dif-
fuse emission of the NGC 1275 is very strong, the source
list may well include false detections in high background
level regions. Therefore problematic sources embeded
in such regions have been excluded in our analysis. We
have detected 8 bright sources close to the nucleus of
NGC 1275, located in the northen inner radio lobe of 3C
84 (in the same region as the HVS). There are no sources
associated with the southern lobe, thus we assume these
sources are associated with the HVS.

We have used archival HST observations of NGC 1275
in order to search for optical counterparts. The galaxy
was imaged with the WFPC2 camera on HST using
the F814W (~ 1) and F702W (~ R) broad-band filters.
Several coincidences between X-ray sources and optical
knots of emission (F814W) can be seen in Fig. 1. The
HST image shows many highly absorbed features. When
we compare in detail, sources N7 and N8 are located in
star forming regions, while N2 and N6 have a point-like
counterpart. Therefore, we have found a possible correla-
tion between compact X-ray sources and regions of vig-
orous star formation. In order to investigate the emission
mechanism of these ULX, the X-ray to optical flux ra-
tios have been computed between the F702W and F814W
HST bands and 1.0-7.0 keV band.

We extracted X-ray spectra for all the detected sources
close to the HVS. The background region was either a
source-free circular annulus or several circles surround-
ing each source. We extracted spectra from each of the
datasets. These spectra were summed to form a total
spectrum for each source. The spectra were fitted using
XSPEC v.11.3.2., grouping the data to include at least
20 counts per spectral bin. In spectral fitting we excluded



Figure 1. Left: Broadband (0.5-7.0 keV) X-ray smoothed
image. Right: HST/WFPC2 F814W broadband image
centred in source 5. Note that source N3, out of HST
image, have not optical counterpart.

N Ng(10Tcm~?) r x2/d.of. logLx
1 25(*) 320702% 11290101 3951
2 272403 1783939 10150109  39.86
3 2491030 208100° 15386142  40.22
4 2051021 2201024 156241152 3091
5 264132 29212 %% 12400139 39.90
6 374157 3511030 1025892  39.84
7 403177 3201232 13369/135  39.95
8 2.66%299 213%0%2  15081/138  39.93

Table 1. Spectral fits and 0.5-7.0 keV luminosities. (a)
The column density of source N1 has been fixed.

any events with energies above 7.0 keV or below 0.5 keV.
Table 1 summarizes our spectral results in terms of the ab-
sorbing column density, photon index and luminosities.
Note that in all the cases the single component power
law give satisfactory fits. The lower limit of the lumi-
nosity of point sources in the image, if at the distance of
NGC 1275, is Lx (0.5 — 7.0 keV) = 3.2 x 10%%rg s~1,
which is already above the Eddington limit for a neutron
star binary (Lx ~ 3 x 1038erg s=1) and is also above the
limit of canonical ULX, i.e. > 10%%rg s~1.

Time variability analysis has been performed. The data
characteristics allows us determine short variation in 16
days and long-term variability of 2 years. We extracted
light-curves, using DMEXTRACT CIAQ task for the two
brightest sources (N3 and N4) binned with bin sizes be-
tween 500 and 5000 s. In both cases the points were con-
sistent with the respective mean values and variability has
not been found.

3. DISCUSSION

Chandra has revealed significant populations of ULX in
the interacting systems of the Antennae (NGC 4038/9;
Zezas et al. 2002) and the Cartwheel ring galaxy (Gao
et al. 2003), where dramatic events have stimulated mas-
sive star formation. We have reported here on another
example in the HVS of NGC 1275 which is interacting
with the ICM of the Perseus cluster. The sources are spa-
tially associated with the distribution of absorbing clouds
seen in soft X-ray and optical (Fig.1) images. Further-
more, optical identification has been found in several of

the X-ray sources. The optical brightness of these coun-
terparts are too high to be individual stars and so they
may be associated with young star clusters. Our interpre-
tation of this correspondence is that the regions are espe-
cially active, indicating a real link between ULX and star-
forming regions. In M31 and the Milky Way (Grimm et
al. 2002), XRB have luminosities consistent with the Ed-
dington limitofa ~ 2Mg, accreting object. They produce
luminosities about one order of magnitude below the lim-
iting luminosity in our sample. Itis possible that our ULX
consist of at least 15 ‘normal’ XRB clustered together,
perhaps in a young star cluster. However in other objects
we know that variability requires the presence of intrinsi-
cally luminous X-ray sources Alternative possibilitiesare
that black hole sources, with masses in the range of galac-
tic black hole binaries, are mildly beamed (Reynolds et
al. 1999). Spectral and timing features however rule out
this possibility in some ULX.

Our optical studies have clearly shown that the ULX
have very high X-Ray to optical flux ratios. X-ray se-
lected AGN from the Rosat all sky survey tend to have
log(Fx/Fopt) ~ 1. Thus the ULX do not have the opti-
cal properties expected if their were simple extensions of
AGN (IMBH). However, low mass X-ray binaries in the
Milky Way have Fx /Fope ~ 100 — 10000 (Mushotzky
2004). The results found in our system indicate that we
have a mixed group of objects. At least 4 out of 8 sources
(N3, N4, N5 and N8) have high X-ray to optical flux ra-
tios. Atleast 3 out of 8 (N1, N2 and N6) have lower X-ray
to optical ratios, possibly because they lie in star clusters.

Time variability is frequently observed in ULX (e.g. Liu
et al. 2002), arguing that most of them are single compact
objects. Unfortunately, our data are consistent with no
significant variability.

Finally, our results add to the growing evidence that some
episodes of rapid star formation lead to the production of
ULX. Young, massive, star clusters may be involved in
some, but not all of the sources.
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THE ULTRALUMINOUS X-RAY SOURCE IC 342 X-1 AND ITS ENVIRONMENT
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ABSTRACT

We present optical observations of a ULX in the nearby
spiral galaxy IC 342. This variable source has an average
X-ray luminosity of some 100 erg/s. At the position of
the source there is an ionized nebula (the "Tooth”) hav-
ing huge dimensions (280 x 130 pc), much larger than
normal supernova remnants. Our optical spectra reveal
highly supersonic expansion velocities and emission line
ratios typical of SNRs. It has been claimed that two [Ol11]
A5007 bright regions in the nebula might be indicative
of excitation by non-isotropic emission from the ULX.
However, our continuum subtracted [OI11] A5007 image
reveals that O™+ ions are rather smoothly distributed in
the nebula, fully consistent with shock excitation. Within
the nebula we find two candidate stars (V=24.0 & 24.6)
in the Chandra X-ray error circle. Both are substantially
reddened being consistent with the patchy interstellar ab-
sorption. We will discuss the nature of this source in
the framework of what is currently known about optical
counterparts of ULXSs.

Key words: galaxies: individual (IC 342), ISM: super-
nova remnants, X-rays: galaxies, X-rays: binaries.

1. INTRODUCTION

The two main hypotheses put forward to explain the high
X-ray luminosities of ULXs are intermediate mass black
holes (IMBHSs) having 102 to 10° solar masses (Colbert &
Mushotzky, 1999) or non-isotropic emission from a stel-
lar mass black hole beamed into our line-of-sight (King
etal., 2001).

We present optical observations of one of these sources,
carried out in 2003 and 2004 with the 8.2m SUBARU
telescope. This ULX is located in the spiral galaxy
IC 342, at a distance of some 4.0 Mpc, although the dis-
tance is not precisely known due to high foreground ob-
scuration. Previously detected in an Einstein observation
(Fabbiano & Trinchieri, 1987), IC342 X-1 was seen sev-
eral times with ROSAT and ASCA, and later with Chan-
dra and XMM-Newton, but in different states.

The first optical observation was done by Pakull & Miri-
oni (2002), revealing the presence of a nebula coincident
with the ROSAT position of the ULX, which was named
the ”Tooth” nebula, descriptive of its morphology.
Another optical study made independently by Roberts
et al. (2003), has obtained results consistent with the pre-
vious one, e.g, a [SH]/H,, emission-line flux ratio of 1.1
consistent with a supernova remnant.

2. RESULTS

At the position of the X-ray source there is an ionized
nebula having huge dimensions (280 x 130 pc), much
larger than normal supernova remnants (Fig. 1).

Inside the Chandra error circle of the X-ray source, there
are two possible optical counterparts (astrometrical error
~0.2"):

e candidate 1 at 03"45™55.60°, +68°04'55.3" with a
magnitude V=24.0 (V-1=1.5). Absolute magnitude
My=-6.5+ 0.5

e candidate 2 at 03745™55.70°, +68°04'54.5" with a
magnitude V=24.6 (V-1=1.3). Absolute magnitude
My=-5.9 +£ 0.5

These two possible counterparts have V-1 consistent with
the extinction E(B-V)=0.8+0.1 towards the nebula in
IC 342, so they are both likely members of the galaxy.

Unlike the study made by Roberts et al. (2003), the [Ol11]
emission seems to closely follow that of H,, (Fig. 1). Ac-
cordingly, we do not confirm the presence of high exci-
tation [OI11] blobs which could have been suggestive of
anisotropic X-ray emission (and ionisation) by the X-ray
source.

Figure 2 presents the low resolution spectrum of the neb-
ula around IC 342 X-1 (slit orientation is north-south)
which confirms the previous studies with a high [SII]/H,,
emission line flux ratio of 1.1, constant along the nebula.
We can also note a high [O1]A6300/H,, flux ratio of 0.26,
all these ratios being typical of SNRs. Our [OllI]/Hg ra-
tio, with a value of 1.0, does not show strong variations in



Figure 1. Structure of the ’Tooth” around IC 342 X-1.
The image shows the continuum subtracted H, and V
band representing the continuum. The continuum sub-
tracted [OI11] emission is shown with contours. The un-
certainty in the position of the X-ray source is indicated
by an error circle with a 90% confidence radius of 1.2".

the main body of the nebula in agreement with our contin-
uum subtracted [Ol11] image. Table 1 presents the emis-
sion line flux ratios (vs. Hg) of the nebula, corrected for
reddening.

Candidate 1 is present in our long slit spectrum. Unfor-
tunately, the continuum of the star is not visible in the
blue end of the spectrum because of the high reddening
(Galactic extinction : E(B-V)=0.56). It seems that there
is in addition a local extinction with E(B-V)=0.26 de-
duced from the H,/Hp ratio. We have carefully searched
for the Hell\4686 emission line present in some other
ULXs and revealing X-ray ionization, but the spectrum
is not sufficiently sensitive in this wavelength domain.
We derive an upper limit for an emission line flux ratio
[Hell]\4686/Hz of about 0.1.

Element | A(A) [(A)/1(Hp)
Hg 4861 1.0+01
[OT11] 4959 0.3+0.08
5007 0.7 £0.09
[NT1] 5198+5200 | 0.3 +0.08
[Hel] 5876 0.1+0.05
[on 6300 08+0.1
6363 0.3+0.08
[NI] 6548 0.7+0.15
6583 2.4+0.25
Ha 6563 29+0.3
[SH] 6717 1.8+0.25
6731 1.3+0.2
[Arlll] | 7136 0.05+0.03
[OM] 7320+7330 | 0.10 £ 0.07

Table 1. Emission line flux ratios of the nebula surround-
ing IC 342 X-1, corrected for reddening. c(Hg)=1.13 cor-
responding to E(B-V)=0.82
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Figure 2. Low resolution spectrum of the nebula around
IC 342 X-1. Emission features other than annotated are
residuals of telluric lines or cosmic rays.

3. CONCLUSION AND PERSPECTIVES

IC 342 X-1 is one of the most studied ULX, and it starts
to reveal some of its secrets. We conclude that the neb-
ula is mainly shock-ionized, with no or little X-ray ion-
ization. Like other ULX bubbles, the Tooth is probably
either a supernova remnant that reflects tfhe formation of
the compact star in the ULX or it is inflated by relativistic
wind/jets as in the system W50/S433.

We have found in the Chandra error circle two possible
optical counterparts. Their absolute visual magnitude is
consistent with the X-ray heated accretion disk counter-
parts of ULXs Holmberg IX X-1 and NGC 1313 X-2.
Much fainter candidates, including the possible presence
of a poor cluster as observed in these archetypal ULXs,
cannot presently be excluded for IC 342 X-1. Future opti-
cal observations will be crucial to reveal nature and evolu-
tionary state of the exciting class of ultraluminous X-ray
emitters.
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ABSTRACT

Cosmological simulations of galaxy formation predict a
universal form for the mass profile of dark matter (DM)
halos from cluster to galaxy scales. Remarkably few
interesting constraints exist, however, on DM halos in
early-type galaxies. UsinGhandrawe present the tem-
perature, density and mass profiles of a small sample
of early-type galaxies, revealing significant DM in each
case. When a component is included to account for stellar
mass and the DM halo is allowed to respond adiabatically
to the baryonic condensation into stars, the mass profiles
are well-fitted by the universal profile, with Virial masses
and concentrations in agreement with simulations. How-
ever, only~nhalf, or less, of the mass withiR, seems
attributable to the stars, implying stellst, /Ly ~1-5.

Key words: galaxies: elliptical and lenticular, cD—
galaxies: ISM— dark matter.

1. INTRODUCTION

The nature of DM within the Universe is one of the fun-
damental problems facing modern physics. N-body cos-
mological simulations predict a “universal” profile for
DM halos over a wide range of mass-scalé&avarro

et al, [1997 hereafter NFW). In an hierarchical forma-
tion scenario the early epoch of formation of low-mass
halos should “freeze in” more tightly concentrated halos
at the galaxy scale than are observed in clus@uidck

et al, 200]). What is less clear, however, is the way
in which the DM halo responds to the condensation of
baryons into stars. If the galaxy is assembled by a series
of mergers, however, the baryonic and dark matter may
be mixed in such a way that the total gravitating mass
follows the NFW profile [Loeb & Peebles2003). Al-
ternatively, present-day ellipticals may retain the “mem-
ory” of the original contractioriGnedin et al/2004). We
present X-ray determined mass profiles for 7 early-type
galaxies, spanning the mass rangel0'2— 10'3M,,
chosen from th€handraarchive to be sufficiently bright

and relaxed enough to yield interesting mass constraints.
Two companion posters, Gastaldello et al and Zappacosta
et al (both this volume) address DM halos at galaxy and
group scales.
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Figure 1Temperaturgupper panel)and masglower panel)
profiles of NGC 720. The mass data are shown with models
comprising simple NFW (dashed line), NFW plus stellar (dotted
line) and compressed NFW plus stellar (solid line) potentials.

2. DATA ANALYSIS

The Chandradata were processed wi@IAO 3.2.2, fol-
lowing standard procedures. Due to the low surface
brightness of the data, special care was taken in treating
the background, for which we adopted a modelling pro-
cedure (see Humphrey et al, 2005). We fitted the spectra
from concentric annuli with an APEC model (plus unre-
solved point-source componently;) to determine tem-
perature and density. The best-fitting abundances were



Table 1:Best-fit values ofM,i,, in units of 10'*M, and c for the different mass models fitted. Where no error is quoted the
parameter value was fixed. Error bars are at Figures in square parentheses are systematic error estimates (see text). Other figures
in parentheses represent the change in the best-fit valig/Ifs is varied by+20%.

Galaxy NFW Compressed NFW+ stars
x2dof My, c x2dof My c M../Lg
NGC 720 2/9 34755 4715 19 6.1757 1975 3.3
[fo7]  [+8] [51C0e)  [7)(+4)
NGC1407  23/11 9.0753 36%i° 18/11  300%30) 4.6+4.2 4.7
(571 55 [-250](-230)  []31(+4.1)
NGC4125 23/11 1.0702 88+14 19/11 1.89%% 2518 2.4
0.1 0.4 6
[(foal 571 (13108 [+38](+10)
NGC4261 23/12 15703 160+20 21/12 267138 38734 4.6
[ B [£1.2]("57)  [F131(+26)
NGC4472  53/21 1073  30°] 30120 55753 11+4 0.87:0.14
+0.4 +20 +2 +1.7
[Zos (23] [—30,], [Zos
NGC 4649 30/7 25703  140+10 217 173 2448 4.7
AP N THICE)  EP)+18)
NGC6482  0.6/5 2.3703 99+16 0.4/5 35753 3619 1.2
[fo1]  [+4] [£0.3]("0%)  [E2](&9)

similar to other early-type galaxieslgmphrey & Buote
2005).

3. MASS PROFILES

The gravitating mass profiles were inferred from the tem-
perature and density profiles in two ways. First, we used
parameterised models for each, although we did not find
a universal profile fitted either, and derived mass pro-
files under the assumption of hydrostatic equilibrium (we
discuss the possible impact of low-significance asymme-
tries in some systems— e.®andall et all2004— in
Humphrey et al, 2005, in prep). The mass profiles were
clearly more extended than the optical light, indicating
significant DM. WithinR., we found MLy for the grav-
itating matter varied from 2.3-9.8Bl,/Lg. In Fig. 1,

we show the best-fit temperature and mass profiles for
NGC 720. Alternatively, we also used the temperature
profile, and an assumed mass profile (see below) to derive
a density model, which we fitted to the data. This pro-
cedure gave more robust mass constraints. These tech-
nigues are outlined in Humphrey et al (2005).

Simple NFW fits to the data gave very large 20) val-

ues for ¢, the halo concentration, in contrast to the typical
values predicted by simulations 15 e.g/Bullock et al,
2001). To investigate whether baryonic matter affects the
mass profile, we included &ternquist(1990 mass com-
ponent to trace the stars and allowed the DM halo to be
compressed due to baryonic condensal®néddin et al.
2004. Assuming all mass withirR, is stellar did not
give meaningful fits. Fixing stellar massi() within R,

to be half of the total reduced c, bringing,;, and c into
better agreement with simulations. This model fitted all
the galaxies well. We note that if adiabatic compression
of the DM halo was turned off, for a fixedl,./Lg, ¢ was
significantly higher.

Our results were very sensitive M. /Lg, which could
only be constrained in NGC 4472 (in which it wad).

In general, though, we founid,;, and ¢ were consistent
with simulations/Bullock et al,'2007), albeit very uncer-
tain. In Tablel we show a summary of our results and, in
addition, the sensitivity td/1,./Lg and the spectral analy-
sis choices (e.gVy or background modelling).
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THE BIRTHPLACE OF LMXBS: FIELD VS. GLOBULAR CLUSTER POPULATIONSIN EARLY-TYPE
GALAXIES
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ABSTRACT

Recent Chandra studies of low-mass X-ray binaries
(LMXBs) within early-type galaxies have found that
LMXBs are commonly located within globular clus-
ters of the galaxies. However, whether all LMXBs are
formed within globular clusters has remained an open
question. If all LMXBs formed within globular clus-
ters, the summed X-ray luminosity of the LMXBs in a
galaxy should be directly proportional to the number of
globular clusters in the galaxy regardless of where the
LMXBs currently reside. We have compared these two
quantities over the same angular area for a sample of 12
elliptical and SO galaxies observed with Chandra, and
found that the correlation between the two quantities is
weaker than expected if all LMXBs formed within glob-
ular clusters. This indicates that a significant number
of the LMXBs were formed in the field, and naturally
accounts for the spread in field—to—cluster fractions of
LMXBs from galaxy to galaxy. We also find that the “pol-
lution” of globular cluster LMXBs into the field has been
minimal within elliptical galaxies but there is evidence
that roughly half of the LMXBs originally in the globular
clusters of SO galaxies in our sample have escaped into
the field.

Key words: IATEX; ESA; X-rays.

1. INTRODUCTION

While it was expected that Chandra would resolve many
low-mass X-ray binaries (LMXBs) in nearby galaxies,
it was quite unexpected that such a large percentage of
LMXBs would reside within globular clusters of the host
galaxies. Also unexpected was the variation in the frac-
tion of LMXBs within globular clusters from galaxy to
galaxy, ranging from almost 70% in NGC 1399 to a more
modest 18% in NGC 1553 (Angelini et al. 2001; Sarazin
et al. 2003).

Given the much higher (> 100 times) efficiency of creat-
ing LMXBs within globular clusters than in the field, it is

natural to ask if all (or nearly all) LMXBs are formed
within globular clusters. In this scenario, the LMXBs
found presently in the field actually formed within glob-
ular clusters, but escaped to the field at a later time, ei-
ther through interactions within the globular cluster or
through the tidal disruption or destruction of the globular
cluster over time. This was first suggested by Grindlay
(1984) for the case of Galactic X-ray bursting binaries,
and extended to LMXBs within early-type galaxies by
White, Sarazin, & Kulkarni (2002).

To address this issue we have compared the total X-ray
luminosity emanating from LMXBs in a galaxy to the
number of globular clusters in the galaxy for a sample
of galaxies. If all LMXBs formed within globular clus-
ters, there should be a linear relation between these two
quantities regardless of where the LMXBs currently re-
side. On the other hand, if there is a significant popula-
tion of LMXBs created in the field, the relation between
the number of LMXBs and globular clusters should be
weaker, as the field component becomes more dominant
in galaxies with fewer globular clusters. This would also
predict that the fraction of LMXBs found within globular
clusters is larger for galaxies with more globular clus-
ters per unit light, which could account for the measured
spread in the fraction of LMXBs within globular clusters
from galaxy to galaxy.

2. THE DATA REDUCTION

We have determined L x, the total X-ray luminosity em-
anating from LMXBs in a given galaxy. Lx was de-
termined by summing the individual X-ray luminosi-
ties of the detected sources and adding to this an esti-
mate of the unresolved LMXB emission (determined by
the amount of diffuse emission in hard energy channels,
where gaseous X-ray emission should be minimal). This
was done for a sample of 12 galaxies for which good es-
timates of the total number of globular clusters per unit
light (the globular cluster specific frequency, Sx) could
be obtained from the literature. For each galaxy, Lx
was normalized by the optical luminosity of the galaxy
in order to compare galaxies of different sizes. We were



careful to determine L x /L, only over the same angu-
lar area of the Chandra detector for which Sy was de-
termined from optical data (primarily HST WFPC2 data),
since Sy can vary substantially with galactic radius. We
also eliminated all X-ray sources with X-ray luminosities
exceeding 5 x 1038 ergs s—! from the study to avoid the
few brightest X-ray sources from dominating L x .

3. RESULTS

Figure 1 shows the relation between L x / L, Vs. Sy for
our sample of 12 galaxies. Although there is a clear rela-
tion between the two quantities, the best-fit relation does
not go through the origin. If it had gone through the ori-
gin, this would imply that a galaxy without any globular
clusters would not contain any LMXBs — this is expected
if all LMXBs formed within globular clusters. However,
the non-zero y—intercept (significant at the 8.0c level)
implies that there is indeed a component to the LMXB
population that forms in the field (and are not simply
LMXBs that escaped from globular clusters).

If we fit a linear relation to the data of the form
(LX/Lopt)total = (LX/Lopt)GC + (LX/Lopt)Field =
A * Sy + B, we can use the best-fit constants A and
B to predict the fraction of LMXBs that formed within
globular clusters. That is, the fraction of LMXBs formed
in globular clusters is (A * Sy)/(A * Sy + B) for each
galaxy. This is not to be confused with the present-day
fractions of LMXBs within globular clusters, which can
be substantially lower than the initial fraction if some
LMXBs were lost from globular clusters over time. For
the elliptical galaxies in our sample, the predicted (ini-
tial) fraction is consistent with or only slightly less than
the measured (present-day) fraction. Conversely, for the
three SOs in the sample, the initial fractions were much
greater than the present-day fraction. This indicates that
LMXBs within globular clusters of SO galaxies have been
removed from globular clusters at a much higher rate than
within elliptical galaxies. It is possible that this is due
to the tidal disruption (but not destruction) of globular
clusters within SO galaxies. Such an effect is expected
to be more pronounced within SO galaxies than in ellip-
tical galaxies, owing to the presence of disks in SOs that
are lacking in ellipticals. Gravitational shocks caused by
the passage of a globular cluster through a disk are much
stronger than passage through a bulge distribution (Fall
& Zhang 2001), leading to a greater number of LMXBs
ejected from globular clusters in SOs than in ellipticals.
Clearly, more observations are needed to confirm this hy-
pothesis.

4. CONCLUSIONS

Our main conclusions are that (1) LMXBs can be formed
in the field of early-type galaxies, despite the fact that it
is much easier to form them within globular clusters — a
galaxy without any globular clusters would still contain

25 - —

Ly/Ly (x10% ergs s7' Ly )

Figure 1. Relation between Lx /L,y vs. Sn for a sam-
ple of 12 galaxies. The fact that the best-fit relation does
not pass through the origin indicates that there is a pop-
ulation of LMXBs in each galaxy that did not form within
globular clusters, but formed in the field instead. The y-
intercept represents the fraction of L x / L,y attributed to
field-born LMXBs in each galaxy.

LMXBs, and (2) it appears that some LMXBs within SO
galaxies have escaped from globular clusters into the field
to join the LMXBs that were truly formed in the field.
This effect is not seen (or to a much lesser extent) in el-
liptical galaxies, possibly due to the fact that elliptical
galaxies lack a disk that might be necessary to tidally dis-
rupt globular clusters to the point where they could lose
their LMXBs into the field.
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ABSTRACT

The radio—quiet neutron star 1E1207.4-5209 has been the
target of a 260 ks XMM-Newton observation. It is the
longest observation ever performed at intermediate galac-
tic latitude (b ~ 10°), which is a rather unexplored re-
gion of the X-ray sky. Here we report on the performed
source detection, which yielded an harvest of about 200
serendipitous sources above a limiting flux of 2 x 10~1%
erg cm—2 sec™!, in the 0.3-8 keV energy range. Their
logN-log$ distribution is different from those measured
either in the Galactic Plane or at high galactic latitudes.
An identification is proposed for the brightest sources in
our sample and the discovery of a previously unknown
Seyfert-2 galaxy is discussed. A complete description of
this work is reported in Novara et al. (2005).

Key words: Galaxies: Seyfert — X-rays: general.

1. X-RAY ANALYSIS

During the XMM-Newton observation of 1E1207.4-
52009 all the three EPIC focal plane cameras (Turner et al.
2001; Struder et al. 2001) were active: the two MOS cam-
eras were operated in Full Frame mode, in order to cover
the whole field—of-view of 30 arcmin; the pn camera was
operated in Small Window mode, where only the on-
target CCD is read—out. Therefore we used only the
MOS data to perform the source detection.

In order to maximize the signal-to—noise ratio (S/N) of
our serendipitous sources and to reach lower flux limits,
we ‘merged’ the data of the two cameras. We performed
the source detection in both the two coarse energy ranges
0.5-2 and 2-10 keV and eight fine ranges between 0.3
and 8 keV (since above 8 keV the instrument effective
area decreases rapidly). The source detection was based
on the maximum detection likelihood criterium. Selecting
all the sources with likelihood L > 8.5 in at least one of
our energy ranges and matching those detected in several
energy intervals we found a total of 196 sources (with
a position accuracy of ~ 5”). We detected 135 sources
between 0.5 and 2 keV and 89 sources between 2 and
10 keV, at a flux limit of 1.3 x 1071° and 3.4 x 10~'°
erg cm—2 s!, respectively; 68 of them were detected in
both energy bands. In order to evaluate their flux, we as-
sumed a template AGN spectrum, i.e. a power—law with
photon—-index I'=1.75 and an hydrogen column density
Ny of 1.28 x 102! cm~—2, corresponding to the total galac-
tic column density.

In Fig. 1 we show the cumulative log/N-logsS distribu-
tions for the sources detected in the two energy ranges.
For comparison, we have superimposed to our data the
lower and upper limits of the log/N-logsS distributions
measured by Baldi et al. (2002) for a survey at high galac-
tic latitude (|b| > 27°). Moreover, in the same figure we
have also reported the logN—logsS distributions, as well
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Figure 1. LogN—-logsS distribution of the detected sources
in the energy ranges 0.5-2 keV (open squares) and 2-10
keV (filled squares). The dotted and the solid lines, re-
spectively, trace the upper and lower limits obtained by
Baldi et al. (2002) in the same energy ranges but at higher
galactic latitudes. The asterisks and the crosses are the
distributions measured by CHANDRA in the galactic
plane (in the 0.5-2 and 2-10 keV ranges, respectively),
while the dot—dashed and the dashed lines represent the
corresponding limits (Ebisawa et al. 2005))

as the 90 % confidence limits, measured by CHANDRA
in the galactic plane (Ebisawa et al. 2005). In the soft
energy band, the logN-logsS distribution of our sources
is well above the high—latitude upper limit, expecially at
low X-ray fluxes. Since Ebisawa et al. (2005) find that
most of their soft sources detected in the galactic plane
(show with the asterisks) are nearby X-ray active stars, it
is possible that our excess is due to additional, more dis-
tant galactic sources, which are missed looking at b ~ 0°
but can be detected just outside the galactic plane. On the
other hand, in the hard energy band the distribution of our
sources is in good agreement with both the high latitude
and the galactic plane ones. Here we expect that the ef-
fect of the galactic absorption is negligible, therefore the
extragalactic sources dominate the log/N-logS distribu-
tion at all galactic latitudes, with just a small contribution
of the softer galactic sources.

2. SOURCE IDENTIFICATION

The detected X-ray sources were cross—correlated with
the GSC (B, ~ 22.5) and the USNO (V};,,, =~ 21) opti-
cal catalogues, assuming a 5 radius error—circle. In such
a way, we found at least one optical candidate counter-
part for 95 of the 196 sources. The remaining sources
lack any optical counterpart since, in view of the length
of our X-ray exposure, the expected limiting magnitude
of the possible counterparts is V' ~ 25. In order to reach
this limit and to find all the missing counterparts, a com-



plete optical coverage of the EPIC field at the 2.2 m ESO
telescope has already been performed and the data analy-
sis is now in progress.

Figure 2. Image of the sky distribution of the 24 brightest
sources, in the energy range 0.3-8 keV.

We also performed a spectral analysis of the 24 bright-
est sources, which have more than 500 counts (Fig. 2).
Based on both the best—fit single—component emission
model and the X-ray/optical flux ratio, it was possible to
propose an AGN identification for 13 sources and a star
identification for 7 sources; for the remaining 4 sources
it was not possible to suggest any identification. There-
fore we find that roughly one third of the brightest sources
could belong to the Galaxy. Such a percentage is in agree-
ment with the results obtained by previous surveys, which
showed that the stellar content decreases from ~85% to
~30% moving from the galactic plane to high galactic
latitudes (Motch et al. 1997; Zickgraf et al. 2003).

Finally, we focused on the analysis of one of the four
identified sources (i.e. source #127 in Fig. 2), which
shows a very hard and highly absorbed spectrum, with
a prominent feature at ~6 keV, ascribable to Fe emission
line (Fig. 3). We found that its optical counterpart is the
spiral galaxy ESO 217-G29, with magnitudes B;j=16.74
and F'=14.93 and optical redshift z=0.032 (Visvanathan
& van den Bergh 1992). Assuming a simple power—law
spectrum, the estimated X-ray/optical flux ratio is >0.02.
All these parameters suggested an AGN identification for
this source. According to the AGN unification model, we
tried to fit its spectrum with a complex emission model
composed by primary power—law, a warm and a cold re-
flection component and a Gaussian component to model
the Fe line. We checked that the source spectrum is well
described by this model only with a redshift =0.057, i.e.
very different from the optical one. On the other hand,
in order to obtain a good spectral fit with 2=0.032 it is
necessary to replace the Gaussian line with a relativis-
tic one (i.e. a laor or a diskline component). The un-

absorbed flux of the primary nuclear component implies
that fx/f,,:=0.41, a value well within the AGN range
(Krautter et al. 1999). The X-ray luminosity of the source
in the 2-10 keV energy band, corrected by the absorption
and with the redshift at 0.032, is 2.59 7152 x 10*2 ergs ",
corresponding to a low luminosity Seyfert galaxy. Since
the hydrogen column density associated to the torus of
dust around the AGN nucleus is ~ 8 x 1022 cm~2, we
propose that this source could be a new, low—luminosity
Seyfert-2 galaxy discovered serendipitously in our field.
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Figure 3. Top: comparison of the spectrum of source
#127 with the best—fit model and z=0.032, in the case of
both a laor (solid line) and a diskline (dashed line) model
for the Fe line. Bottom: data - model residuals (in o) for
the diskline (crosses) and the laor (diamonds) model.
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ABSTRACT

We studied the luminosity function of X-ray sources
in the Galactic bulge using a flux-limited sample se-
lected from the ROSAT Bright Source Catalogue (here-
after RBSC). By using the spectral colors, 78 sources
were picked up from the Galactic bulge. From the 78
selected sources, we constructed the luminosity function
of the Galactic bulge sources with a luminosity of > 1034
erg s—'. Most of the X-ray sources are likely Low-Mass
X-ray Binaries (hereafter LMXBs). Compared with the
luminosity functions of LMXBs in the bulges in other
galaxies, we found that there is a good correlation be-
tween the number of LMXBs and the B-band luminos-
ity in the host bulges. The luminosity function of the
LMXBs over the wide luminosity range of 1034 — 10%°
erg s—! can be commonly represented by the power-law
with three indices (0.4, 0.8, and 1.8) and two break lumi-
nosities of ~ 1036 and 5 x 103% erg s~ 1.

Key words: Bulge, Luminosity function, LMXBs.

1. INTRODUCTION

The galactic bulge is a spherical structure surrounding the
galactic center over ~ 3 kpc. The bulge is considered as a
vestige of galaxy evolution (e.g., Gilmore 1999). There-
fore the galactic bulge is believed as a key to understand
the galaxy evolution. Since the bulge is old, its stars with
relatively large masses had already ended their lives and
evolved into compact stars, such as a neutron star (here-
after NS) or a black hole (hereafter BH). Hence the X-ray
wavelengths provide us new insights into the bulge that
are sensitive to the stellar population with higher masses.
For this aim, we selected the Galactic bulge. There have
been many past studies on the Galactic LMXBs (e.g.,
Grimm et al. 2002), however no attention had been paid
to the Galactic bulge, mainly due to the poor detection
limit of a non-imaging instruments. In order to pick up
the LMXBs in the Galactic bulge, we used the RBSC sam-
ple (Voges et al. 1999), which enables us to determine
the positions of the X-ray sources with high accuracy and

foreground sources
(disk components)

background sources
(halo components +
Cosmic X-ray Background)
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line of sight
Sun Galactic latitude b
I

[ ] | ]
{ P ] il

-—> ></ Disk
< ~3 kpc (scale height of ~100 pc)

Galactic center

Figure 1. Schematic view of the cross section of our
Galaxy
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Figure 2. Column densities towards the Galactic bulge
LMXBs dependent on their Galactic latitude |b|

to perform an unbiased population study of the Galactic
bulge.

2. X-RAY SOURCESIN THE GALACTIC BULGE

Fig. 1 shows a schematic view of our Galaxy, which
consists of the Galactic disk and bulge. The Galactic
bulge is a gas-less spheroid with a scale angle of ~ 12
degrees from the Galactic center. As shown in Fig. 1,
the Galactic bulge sources are contaminated along a line
of sight by foreground sources in the Galactic disk and



background ones in the Galactic halo or extragalaxies.
Since the Galactic absorption is attributed to interstellar
medium (hereafter ISM) which mainly distributes along
the Galactic disk, the foreground sources are suffered
from relatively low absorption. We can thus remove the
foreground sources by testing if their low-energy absorp-
tion columns are large enough for the disk ISM in the line
of sight or not. The RBSC provides us with two hardness
ratios designated as HR1 and HR2. The spectral colors
(HR1, HR2) serve as a good measure of absorption col-
umn if we assume an appropriate spectral model.

Fig. 2 shows the column densities to the known Galactic
bulge sources. The column densities can be modelled by
a simple exponential function of the Galactic latitude |b|
(for details, Mori et al. 2005). Using this |b|-dependent
model of the Galactic absorption, we estimated the colors
of the RBSC sources when they are located in the Galac-
tic bulge. We considered the power-law spectrum with
indices of 0.5-3.0 (see Schulz 1999). In total, the colors
of 78 RBSC objects are consistent within 90% confidence
level that they are not located in front of the Galactic
bulge. Since only 17% of these sources are likely ex-
tragalactic origin (see Miyaji et al. 2000), the 78 sources
mainly inhabit in the Galactic bulge.

3. LUMINOSITY FUNCTION

Since the distances to the Galactic bulge sources are ex-
pected as nearly constant (8.5 + 1.7 kpc), we can make
the luminosity function of the 78 Galactic bulge sources
as shown in Fig. 3. The error box corresponds to the un-
certainties of the distances, and the absorption columns
and photon indices in spectra when we convert the source
count rates to the unabsorbed X-ray fluxes. We also cor-
rected the incompleteness of the source detection below
the luminosities of 103° erg s~1. The extragalactic com-
ponent was also subtracted using the high latitude data.

Over the luminosity range of 102> — 103® erg s—!, we
fit the luminosity function by a single power-law model.
The best fit parameter of the power-law index is ~ 0.4.
Since the Galactic bulge is old and the X-ray luminosities
of each source are larger than 1034 erg s—!, most of the
Galactic bulge sources are considered to be LMXBs.

4. DISCUSSION

We compared the cumulative luminosity function of the
LMXBs in the Galactic bulge with those in the M31 bulge
(Kong et al. 2002) and elliptical galaxies (Kim & Fab-
biano 2004). Fig. 4 shows these luminosity functions
where the number of LMXBs is normalized by the B-
band luminosity of its host bulge. As seen in Fig. 4, the
normalized luminosity functions are consistent with each
others in the overlapped luminosity ranges. This resultin-
dicates that the number of LMXBs in the galactic bulges
is well proportional to their size, and that the luminosity
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Figure 3. Cumulative luminosity function of the X-ray
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Figure 4. Luminosity function of the LMXBs normalized
by the B-band luminosities of the host bulges

function of the LMXBs over the wide luminosity range
of 1034 — 1040 erg s—! is represented by the power-law
model, whose slope becomes steeper (0.4, 0.8, and 1.8)
as the luminosity increases.
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